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ABSTRACT 
 
In the human gastrointestinal system, dietary components, including fiber, that reach the 
colon are fermented principally to short-chain fatty acids, hydrogen and carbon dioxide. 
Microbial disposal of the hydrogen generated during anaerobic fermentation in the human colon 
is critical to the functioning of this ecosystem. Methanogenesis by methanogenic Archaea and 
sulfate reduction by sulfate reducing bacteria (SRB) are the major hydrogenotrophic pathways in 
the human colon. Hydrogen metabolism by these microbes has an important impact on the 
colonic health.  
Methanogenic status of mammals is suggested to be under evolutionary rather than dietary 
control. However, information is lacking regarding the dynamics of hydrogenotrophic microbial 
communities among different primate species. Here I analyzed the composition of methanogens 
and SRB in various species of primates using PCR-DGGE fingerprinting targeting Archaea and 
Desulfovibrionales 16S rDNA, clone library construction of Archaea 16S rDNA and mcrA gene, 
and quantitative real-time PCR targeting mcrA and dsrA genes. Functionality of methanogens 
was determined by detection of methane from in vitro incubation of fresh feces. The results 
showed that the host species-specific hydrogenotrophic microbiota can be observed in some, but 
not all, of the captive primate species. A human colonic methanogen, Methanobrevibacter 
smithii, was detected in all captive hominoid species, indicating high similarity of methanogenic 
microbiota among these primates and humans. Comparison of wild and captive primates 
indicated that captive condition can be a major determinant of hydrogenotrophic microbial 
composition that overrides the genetic or early environmental effects, indicating the importance 
of proper captive management on the maintenance of colonic health. 
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CHAPTER 1 
LITERATURE REVIEW 
 
I. Metabolic Features of the Colonic Ecosystem 
Overview of fermentation 
In humans, dietary components that escape digestion by host enzymes in the upper intestinal 
tract reach the colon (Figure 1.1) where they are fermented by the cooperative metabolism of an 
enormous variety of bacterial species. Endogenously produced substrates, such as mucin, are 
also nutrient sources that support the colonic microbiota. Complex polymerized carbohydrates 
are degraded to smaller oligomers or monomers, which are subsequently fermented to short-
chain fatty acids (SCFA), H2, CO2 and a variety of other products. Short chain fatty acids are 
quantitatively the principal fermentation products, and are rapidly absorbed across the intestinal 
epithelium. It is estimated that 95-99% of the SCFA are absorbed and utilized by the host (153). 
The three major SCFA detected in the human colon are acetate, propionate, and butyrate (44). 
Resistant starch (RS) and non-starch polysaccharides (NSP) are the major sources of colonic 
SCFA. Resistant starch is a component of dietary starch that escapes host digestion in the small 
intestine and reaches the colon undigested. Starch fermentation is associated with greater 
production of butyrate than fermentation of NSP (45). Consumption of high RS diets has been 
suggested to be protective against large bowel disorders (265).  
Mucins are likely to be important nutrient sources for fermentative microbes in addition to 
those of dietary origin. Mucin oligosaccharide side chains may be sulfated or sialylated,
%akamura, %., H. C. Lin, C. S. McSweeney, R. I. Mackie, and H. R. Gaskins. 2010. 
Mechanisms of microbial hydrogen disposal in the human colon and implications for health and 
disease. Annual Review of Food Science and Technology. 1:363-395.  
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and the extent of these modifications varies substantially in different parts of the GI tract. It is 
generally believed that colonic mucin is more highly sulfated than the small intestinal and gastric 
mucin (78). Mucins are degraded by colonic bacteria using a variety of hydrolytic enzymes 
(glycosidases, proteases, peptidases, and sulfatases) (155). Some bacteria such as Bacteroides 
fragilis possess sulfatase activity and are able to release sulfate in a free form, which 
subsequently becomes available for sulfate reduction by SRB (288).  
Many colonic fermentative bacteria possess branched fermentation pathways that allow a 
flexibility of metabolism in response to changes of redox balance. Different metabolic pathways 
result in differences in the flow of carbon and electrons, energy yield from the substrate, and the 
final fermentation products. The production of H2 is an efficient mechanism of disposing of 
reducing power generated during the bacterial metabolism of carbohydrates and protein. 
However, accumulation of H2 inhibits the reoxidation of pyridine nucleotides, resulting in the 
production of electron sink products such as ethanol, lactate, or succinate. The symbiosis 
between fermentative bacteria and hydrogenotrophic microbes enables the former to shift 
fermentation patterns toward the production of more reduced substrates with additional ATP 
synthesis via substrate-level phosphorylation, as opposed to production of the electron sink 
products.  This syntrophic coupling of hydrogen producers and consumers was first recognized 
by Bryant et al. (27), and was later termed “interspecies hydrogen transfer (111).”  
There are three major groups of H2-consuming microorganisms (hydrogenotrophs) in the 
human colon; methanogens, sulfate-reducing bacteria (SRB), and acetogens (Figure 1.2). 
Colonic hydrogen may also be consumed by other microbes via hydrogenation of unsaturated 
fatty acids (213) or reduction of fumarate (8) or nitrate (5). These types of hydrogen 
consumption are quantitatively less important and not covered in this review. Hydrogenotrophic 
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organisms are typically present at much lower densities than are fermentative bacteria. However, 
in the absence of H2-consuming organisms, the H2 partial pressure rapidly reaches a level that 
thermodynamically restricts fermentation.  
One characteristic of the colonic ecosystem is the lack of complete degradation of organic 
matter. In many environmental anaerobic ecosystems, fermentation products such as organic 
acids and alcohols are further degraded to acetate, H2 and CO2, which are subsequently utilized 
by methanogens and SRB. Thus, acetate is a key intermediate in the complete anaerobic 
degradation of organic matter. Acetogens may also play an important role in interspecies 
hydrogen transfer by functioning both as H2 producers and consumers. On the other hand, in the 
colonic ecosystem, the importance of acetate as a fermentation intermediate is less significant. 
This is because the short retention time in the colon does not accommodate slow-growing 
aceticlastic methanogens or H2-producing acetate degraders (25, 164). As a result, the majority 
of organic matter produced during colonic fermentation is typically not further metabolized by 
resident microbes and is absorbed and utilized by the host. As a consequence, competition of 
methanogens and SRB in the colon occurs mainly for H2 and not for acetate.  
Numerous environmental parameters differ significantly between the right and the left colon, 
affecting the fermentation patterns in each region (Figure 1.1). In particular, the pH of the 
colonic lumen has important effects. A pH shift between 5.5 and 6.5, which corresponds to the 
pH gradient from the right to the left colon (44), affects microbial species composition and 
fermentation patterns in the continuous culture of human fecal microbiota, with a lower pH 
favoring a higher proportion of Firmicutes phyla and butyrate production (69, 281). The pH 
gradient may affect H2-consuming microbiota as well. Methanogenesis and sulfate reduction 
occur optimally at neutral or slightly alkaline pH respectively, whereas acetogenesis appears to 
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be maximal at an acidic pH (90). Methanogens exist in higher concentration in the left than the 
right colon, whereas SRB may be present throughout the colon (154). Increased 
hydrogenotrophic activity in the left colon may also reflect a greater in situ H2 partial pressure in 
this region, which results from less stirring of the colonic contents due to decreased liquidity 
(253). 
Gas composition and volumes  
Unabsorbed, fermentable dietary carbohydrate is the primary source of intestinal gas, with 
quantities varying according to the type and amount of fermentable carbohydrate consumed. 
While most of the gas that accumulates in the intestinal lumen is absorbed into the circulation 
and expelled with exhaled breath, gas that exceeds the capacity for pulmonary excretion is 
expelled as flatus. The volume of flatus excreted by individuals ranges from 400 to 1200 ml per 
day (9, 15, 121). Flatus gas is comprised predominately (~74%) of the intraluminally produced 
gases H2, CO2 and CH4 together with other trace gases including volatile amines, NH3, 
mercaptans, and sulfur-containing gases (254). Two additional major flatus gases, N2 and O2 are 
considered to derive solely from swallowed air (135). Marked individual differences exist in the 
proportional composition of major intestinal gas (136, 254).  
CO2 is the predominant component of flatus (254). There are three possible sources of CO2 in 
the intestinal tract: diffusion from the blood into the lumen, neutralization of acid by bicarbonate, 
and production by intestinal microbes (136). Although large quantities of CO2 are produced in 
the duodenum after food consumption, most is absorbed into blood during passage through the 
bowel, and thus this CO2 does not appear in flatus. Diffusion of CO2 from blood is likely to be 
negligible since CO2 concentrations in flatus are much greater than that in blood. Thus, most 
CO2 in flatus originates from bacterial metabolism.  
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All H2 production in the human intestine appears to be of bacterial origin and depends 
primarily upon the fermentation of dietary substrates (135). It is estimated that approximately 40 
g of carbohydrate per day remain unabsorbed on a typical Western diet (139). With this amount 
of substrate available for bacterial fermentation, and hydrogen production occurring at a rate of 
340 mL/g of carbohydrate (Figure 1.2) (292), approximately 13,600 mL of hydrogen would be 
generated daily. Fermentable substances of endogenous origin also likely contribute to colonic 
H2 production (201), since H2 is produced consistently at low levels in the colon after prolonged 
fasting (140). The main mechanisms by which H2 can be produced by carbohydrate-fermenting 
bacteria include 1) cleavage of pyruvate to formate and subsequent metabolism by formate 
hydrogen lyase, 2) generation from pyruvate through the activity of pyruvate:ferredoxin 
oxidoreductase and hydrogenase, and 3) formation from oxidation of pyridine and flavin 
nucleotides (153). The absolute production of H2 per gram of glucose fermented is similar 
among various individuals (253). A substantial amount of H2 is consumed very rapidly in situ by 
colonic hydrogenotrophic microbes (253), which convert hydrogen into methane or hydrogen 
sulfide (H2S), resulting in a great reduction of the total volume of gas excreted. The amount of 
hydrogen expelled in exhaled breath may reach zero when H2 consumption by hydrogenotrophic 
microbes is nearly complete. 
All intestinal CH4 derives from microbial methanogenesis. Significant catabolism of CH4 by 
intestinal microbes or host cells has not been observed. Therefore, the measurement of 
respiratory CH4 excretion provides a simple means of studying the in situ metabolism of 
intestinal methanogens. However, the data should be interpreted with caution, since the 
proportions of both H2 and CH4 excreted in breath are influenced by their production rates in the 
colon (Figure 1.2). At higher production rates (>500 mL/day), a greater proportion of these gases 
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is excreted in flatus than in breath; at lower rates (<200 mL/day), the proportion excreted in 
breath increases (34). Slower intestinal transit is often reported in methane-producers compared 
with non-producers (74, 157), which is consistent with slower transit time being more favorable 
for the growth of slow-growing methanogens. Pimentel et al (205) demonstrated recently that 
methane may slow small intestinal transit by augmenting non-peristaltic type of small bowel 
contractile activity and suggested that colonic methanogenesis may predispose to constipation, 
which opposes the common assumption that methane produced in the gut is inert.  
Colonic bacteria also produce large quantities of sulfur-containing gases such as H2S and 
methanethiol (CH3SH), which are highly toxic and odorous. These gases are present in trace 
concentrations (H2S, 1.06 µmol/l; CH3SH, 0.21 µmol/l) in flatus (254). Intracolonic 
concentrations of these gases might be substantially higher than that in flatus, since H2S and 
CH3SH rapidly permeate the colonic mucosa and are detoxified (255). When colonic transit is 
accelerated by disease, these gases may escape detoxification to be passed in much greater 
amounts in flatus.  Contrary to the competition that is thought to exist between methanogens and 
SRB, a negative correlation is not observed between CH4 and H2S concentrations, indicating 
coexistence of both microbial groups in the colon (254).  
 
II. Microbial Mechanisms of Hydrogen Disposal 
 Methanogenesis 
Methanogenesis, in which 4 moles of hydrogen are converted to 1 mole of methane, is a 
property unique to Archaea and an efficient pathway for hydrogen disposal (Figure 1.3).  
Significant individual differences exist in colonic methanogenesis. Methane-producers harbor 
an average of 10
9
 CFU/g of methanogens in feces, while apparent “non-producers” harbor 
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approximately 10
4
 CFU/g (211). For methane to be detectable in breath, a colonic methanogen 
density greater than 10
7
-10
8
 CFU/g is required (141, 211, 284). 
Biochemistry of methanogenesis 
Methanogens derive all or most of their metabolic energy from methanogenesis by reducing 
CO2 to CH4 using H2 or formate as electron donors (108). Some methanogens also reduce C1-
compounds containing a methyl group carbon, such as methanol and methylated amines. Acetate 
is a further substrate for aceticlastic methanogenesis, in which the methyl carbon of acetate is 
reduced to methane. The reader is referred to Figure 1.3 for the biochemical pathway and 
Hedderich and Whitman (108) for an up-to-date review of the major physiological and metabolic 
characteristics of methanogens. 
Phylogeny of intestinal methanogens 
Methanogens are phylogenetically and physiologically distinct members of the 
Euryarchaeota. They are classified into five well-established orders: Methanobacteriales, 
Methanococcales, Methanomicrobiales, Methanosarcinales, and Methanopyrales. Culture- and 
molecular-based studies to date indicate that Methanobrevibacter smithii is the predominant 
methanogen in the human colon (2, 71, 173, 234, 284, 305). Methanosphaera stadtmanae, also a 
member of the order Methanobacteriales, has been isolated from the human intestinal tract at a 
lower abundance (174). These two methanogenic species have different biochemical 
characteristics. The genome of M. smithii is significantly enriched with genes involved in CO2, 
H2 and formate utilization during methanogenesis and also possesses the capacity for non-
methanogenic removal of methanol and ethanol (231). These metabolic capabilities may allow 
M. smithii to form syntrophic relationships with a broad range of bacterial members in the human 
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colon (231). In contrast to M. smithii, M. stadtmanae has a more restricted energy metabolism 
and uses hydrogen to reduce methanol to methane (84, 174). 
Five strains of colonic methanogen isolates are currently available in reference culture 
collections (Table 1.1). Genome sequences are completed or in progress. However, 
characterization of methanogens in the human colon remains incomplete. There are many 
examples where the “universal” archaeal 16S rDNA primers failed to amplify archaeal sequences 
due to too many base mismatches (28). The most comprehensive 16S rDNA-based microbial 
diversity study (71), where only M. smithii was recovered among 1524 archaeal clones 
sequenced, might also reflect a limitation of the 16S rDNA-based approach for Archaea. The 
gene encoding the subunit A of methyl coenzyme M methylreductase (MCR; mcrA) is highly 
conserved among methanogens and thus serves as an alternative marker for detection of 
methanogens in a wide range of anaerobic environments (53, 106, 152). Recent molecular 
fingerprinting studies targeting 16S rDNA or mcrA have identified several different phylotypes 
closely related to M. smithii, M. stadtmanae, M. oralis or Methanosarcinales from the human 
colon (2, 169, 234). Scanlan et al. (234) reported that the mcrA gene sequences recovered from 
human feces were only distantly related to cultured methanogens, highlighting the importance of 
culture-independent approaches in the investigation of colonic methanogen diversity. 
Mihajlovski et al. (169) studied fecal methanogen diversity by targeting the mcrA gene and 
recovered three operational taxonomic units (OTUs) attributed to M. smithii, M. stadtmanae, and 
a distant phylotype that does not cluster with any of the five methanogenic orders. These 
observations indicate that the use of multiple molecular targets may be important in recovering a 
wider range of colonic methanogens. Table 1.2 summarizes primers and probes that have been 
used successfully as molecular markers for detection of methanogens in the human colon. 
 9 
Sulfate reduction 
The SRB are a diverse group of bacteria sharing the ability to use sulfate as a terminal 
electron acceptor for respiration, with the concomitant production of H2S. Four moles of 
hydrogen are consumed in the formation of 1 mole of H2S. The electrons may also be provided 
from the oxidation of organic compounds, such as lactate. This process is termed “dissimilatory 
sulfate reduction” and clearly distinguished from assimilatory sulfate reduction, which is the 
process of generating reduced sulfur for biosynthesis of cell materials. While assimilatory sulfate 
reduction is a biochemical process widespread among microbes, only restricted microbial groups 
are capable of dissimilatory sulfate reduction. Sulfate reducing bacteria are ubiquitously present 
in the human intestinal mucosa (79, 123, 308), and have been enumerated from human feces in 
numbers ranging from 10
3
 to 10
11
/g (94, 95, 211). 
Hydrogen sulfide is highly toxic to colonocytes and impairs their metabolic function, 
especially butyrate oxidation (226, 227). In aqueous solutions H2S dissociates into hydrosulfide 
anion (HS
-
) and sulfide ion (S
-2
) with pKa values of 7.04 and 11.96, respectively (197). In the 
human colon, sulfide exists largely in the volatile, highly toxic undissociated form (H2S), which 
is quickly absorbed by the mucosa or passes as flatus (255). Over 90% of sulfate disappears 
during passage through the colon of subjects lacking a sulfate-reducing microbiota, indicating 
that a variety of colonic processes compete for sulfate (248).  
Biochemistry of sulfate reduction 
The biochemistry of dissimilatory sulfate reduction has been investigated most extensively 
with Desulfovibrio species, which is also the predominant SRB genus in the human colon (93-95, 
98). Figure 1.2 summarizes the biochemical pathway of dissimilatory sulfate reduction, and the 
reader is referred to Rabus et al (216) and Barton and Fauque (14) for an up-to-date review of the 
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major physiological and metabolic characteristics of SRB. Sulfate-reducing bacteria are able to 
utilize a wide range of substrates as electron donors, including sugars, amino acids, and one-
carbon compounds such as methanol, carbon monoxide and methanethiol (summarized by 
(183)). There is also evidence that colonic SRB are capable of utilizing electron donors other 
than molecular hydrogen including SCFA, succinate and lactate (95, 188). Lactate and pyruvate-
oxidizing SRB were found to be numerically predominant, with butyrate, succinate, valerate, and 
amino acid and H2/CO2 utilizers present in lower numbers (94). Detection of SRB in the feces of 
infants less than 1 month of age (79, 109) also likely reflects the fact that SRB are not entirely 
dependent on the H2 produced by intestinal microbiota but can grow on other electron donors in 
vivo, such as lactate. 
Phylogeny of intestinal sulfate reducers 
The SRB are comprised of numerous genera and species widely differing in their growth 
rates and physiological activities, including the ability to reduce sulfate (216). Based on 
comparative analysis of 16S rRNA sequences, the known SRB can be grouped into seven 
phylogenetic lineages, five within the Bacteria and two within the Archaea. Most of the SRB 
belong to the division of Deltaproteobacteria with more than 25 genera, followed by the Gram-
positive SRB within the class Clostridia (Desulfotomaculum, Desulfosporosinus and 
Desulfosporomusa genera).  
A range of nutritionally and physiologically distinct SRB has been detected in human feces 
(93-95, 289). Despite the detection of diverse SRB from the human colon, there are only two 
colonic isolates currently available in reference culture collections (Table 1.1). In a culture-based 
study by Gibson et al. (95), the principal SRB were lactate- and hydrogen-utilizing Desulfovibrio 
spp. (64-81%), acetate-utilizing Desulfobacter spp. (9-16%), propionate- and hydrogen-utilizing 
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Desulfobulbus spp. (5-8%), lactate-utilizing Desulfomonas spp (reclassified with genus 
Desulfovibrio (147)) (3-10%), and acetate- and butyrate-utilizing Desulfotomaculum spp. (2%). 
However, these observations are based on cultivation, which underestimates true bacterial 
diversity. Recently molecular-based techniques have been applied successfully to describing 
SRB diversity in various environments. Because the sulfate reducing trait is relatively restricted 
to a coherent assemblage within the division of Deltaproteobacteria (58), 16S rDNA based 
approaches are reasonable for characterizing natural populations in the mesophilic environment, 
despite the phylogenetic diversity of SRB. Genes encoding two of the enzymes in the sulfate 
reduction pathway, APS reductase (APR) and dissimilatory sulfite reductase (DSR), are often 
also useful molecular markers due to their highly conserved nature and congruence with the 
evolutionary history of SRB (124, 168, 280, 310). Table 1.2 summarizes primers and probes that 
have been used successfully as molecular markers for detection of SRB in the human colon. 
However, relatively few studies have examined the diversity of human colonic SRB using 
molecular-based techniques. 
Reductive acetogenesis  
The acetogens are a group of obligately anaerobic bacteria that utilize the acetyl-CoA 
(Wood-Ljungdhal) pathway to synthesize acetyl-CoA from CO2, while conserving energy and 
assimilating CO2 into cell carbon (64). Cultivation-based studies have estimated that the number 
of acetogens ranges from 10
2
 to 10
8
 CFU/g human feces (17, 63). Acetogenesis is thought to be a 
relatively less important hydrogenotrophic pathway in the colon, compared to methanogenesis 
and sulfate reduction (34). This is because both the conversion of H2 and CO2 into methane and 
sulfate reduction are thermodynamically more favorable than reductive acetogenesis (40, 262).   
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Biochemistry of acetogenesis 
Acetogens utilize the acetyl-CoA pathway to grow autotrophically on H2 and CO2 or 
heterotrophically on a variety of organic compounds. The reader is referred to Figure 1.4 for the 
autotrophic biochemical pathway of acetogenesis, and Drake et al (65, 66) for recent reviews of 
the major physiological and metabolic characteristics of acetogens. During the autotrophic 
growth of acetogens, 2 moles of CO2 are reduced by 4 moles of H2 to produce 1 mole of acetate. 
In heterotrophic growth, 1 mole of hexose is converted to 3 moles of acetate, which is formed in 
a ratio of 2:1 from the oxidation of pyruvate and from the reduction of CO2 respectively (66). It 
is assumed that both autotrophic and heterotrophic acetogenesis occur simultaneously in the 
intestinal ecosystem. An early report of the isolation of acetogens from human feces identified 
three Gram-positive bacteria that produced acetate from CO2 but varied in their ability to grow 
on a range of substrates (293). These isolates either did not grow or grew poorly in vitro with H2 
and CO2 alone, however two of them cometabolized the gases rapidly when they were grown 
with glucose. These data indicate that reductive acetogenesis in the colon likely depends 
primarily on the organic substrate and that mixotrophic growth enhances the H2-consuming 
capacity of colonic acetogens.    
Phylogeny of intestinal acetogens 
Acetogens are among the most metabolically versatile anaerobes and are phylogenetically 
diverse. To date, over 100 acetogenic species representing 22 genera have been isolated, most 
belonging to the genera Acetobacterium and Clostridium (65).  
Due to their metabolic versatility, there is no single selective agent or substrate that can be 
employed to enumerate and isolate acetogens. These characteristics have made it difficult to 
culture and identify the broad diversity of acetogens in the human gut. Using conventional 
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culturing techniques, H2/CO2-utilizing acetogens isolated from human feces were related to 
genera Ruminococcus, Clostridium, or Streptococcus (18, 19, 63). Some acetogenic species of 
Ruminococcus and Clostridium genera were recently reclassified within the genus Blautia (145). 
These isolates exhibited nutritional versatility, possessing the ability to ferment a large variety of 
organic substrates, a strategy that would produce greater energy for growth in the colon. Human 
colonic isolates of acetogens that are available currently in reference culture collections are 
included in Table 1.1. 
Due to the polyphyletic distribution of acetogens, their identification via 16S rDNA-based 
molecular approaches is also problematic. Recently, functional genes in the reductive 
acetogenesis pathway have been targeted for use in molecular ecology approaches to facilitate 
studies of acetogen diversity (149). In particular, the gene sequence of formyl tetrahydrofolate 
synthetase (FTHFS; fhs), which catalyzes the ATP-dependent activation of formate, is highly 
conserved among acetogens and thus serves as a useful molecular target (148). Although FTHFS 
is present in nonacetogens, phylogenetic analysis of the fhs sequences amplified from a range of 
anaerobic environments formed distinctive clusters represented by known acetogens, SRB, and 
other FTHFS-containing nonacetogens, respectively (149). Analysis of fhs sequences amplified 
from human feces has identified Blautia producta (formally Ruminococcus productus) as the 
predominant acetogen and detected several FTHFS gene sequences that had not been identified 
previously (193). Acetogens were also found in periodontal lesions in the human oral cavity 
based on the phylogenetic placement of recovered fhs sequences (277). The FTHFS gene has 
proven to be a useful marker for acetogens; however, the presence of the gene in bacteria that do 
not possess the acetyl-CoA pathway means that assignment of sequences to acetogenic groups 
needs to be assessed carefully. Consequently, the use of broad fhs primer sets for estimating 
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abundance of acetogens is unreliable. Recently a FTHFS gene-based real time quantitative PCR 
assay was developed that has higher specificity to the phylogenetic cluster that is affiliated with 
known reductive acetogens (302). Furthermore, other researchers have addressed this problem by 
recovering sequence information from acetogenic isolates and environmental samples for genes 
(e.g., acetyl-CoA synthase and carbon monoxide dehydrogenase) specific to the carbonyl branch 
of the acetyl-CoA pathway, which should aid in the development of molecular probes and 
primers for acetogenens (52). Table 1.2 includes the FTHFS primer pair that has been used to 
detect acetogens in the human feces (193). 
Competitive and mutualistic interactions among hydrogenotrophic microbes 
In the human colon, direct competition among methanogens, SRB and acetogens may occur 
for the common substrate H2. The interactions among microbes competing for the same growth-
limiting substrate often are explained by both kinetic and thermodynamic models. A Monod-type 
growth kinetics model, is used frequently in modeling microbial growth under substrate-limiting 
conditions. It has been reported that SRB in general have more favorable kinetic growth 
parameters for H2 than do methanogens (127, 150, 224, 245), which likely accounts for the 
dominance of SRB in sulfate-rich, H2-limiting environments. The thermodynamic model is based 
on the free-energy change (available energy) associated with the chemical reaction at standard 
conditions and equimolar substrate concentrations. A greater Gibbs free-energy change is 
associated with the reduction of sulfate by hydrogen than with the reduction of CO2 by hydrogen 
to methane or to acetate (262), which would theoretically allow higher growth yield of SRB per 
mole of hydrogen.  
The mechanism whereby one organism outcompetes others can also be explained by a 
minimum threshold model. Specifically, organisms with higher substrate affinity and growth 
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yield outcompete others by maintaining the substrate concentration below the minimum 
concentration necessary for other organisms to conserve energy (150). The threshold 
concentrations of H2 are reported to be 10-20 ppm for SRB, 30-100 ppm for methanogens, and 
400-950 ppm for acetogens (40). Environmental H2 concentrations are primarily dependent upon 
the predominant microbial hydrogenotrophic process, and the environmental H2 concentration 
associated with sulfate reduction is lower than that with methanogenesis (151).  
Although these theoretical explanations seem to agree with environmental observations, they 
are based on the assumption of an idealized environment in which the competing species are 
homogeneously distributed in space without significant variations in growth conditions. 
Chemostats represent such an environment and are used commonly as model systems to study 
microbial competition under nutrient limitation. However, most natural microbial ecosystems 
including the human colon are not idealized environments, and, as opposed to the theoretical 
competitive order, co-existence of competing microbes is commonly observed. The colon is a 
unique microbial ecosystem characterized by a pulsed supply of nutrients, host secretions, 
fluctuations in pH, and a complex anatomical structure, all of which provide a variety of 
different ecological niches for resident microbes. Colonic microbial populations are spatially 
organized (198, 256) and considered to reside within specific microhabitats (132) that likely 
serve as niches for distinct microbial groups based on different physical characteristics and 
substrate availability. Such environmental heterogeneity may enable distinct types of 
hydrogenotrophic reactions to proceed simultaneously in the human colon. It thus appears 
impossible to fully explain the outcome of the competition among hydrogenotrophs in the human 
colon by idealized theory or in vitro chemostat systems.  
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While it commonly has been assumed that methanogenesis and sulfate reduction are mutually 
exclusive processes, there is evidence that SRB and methanogens can coexist in the human and 
non-human primate colon (17, 63, 95, 184, 208, 211). A recent molecular-based study also 
concludes that the competition of methanogens and SRB does not necessarily lead to the 
predominance of one group in the human fecal microbiota (247). Strocchi et al. (249) showed 
that fluctuations in the methanogenic or sulfate-reducing status within individuals occur over 
time without serious illnesses or major dietary alterations, supporting the coexistence of two 
hydrogenotrophic population in an individual over time.  
Contradictory observations have also been reported regarding competitive interactions among 
human colonic hydrogenotrophs. It has been reported that addition of sulfate and sulfated 
mucopolysaccharides to mixed fecal slurries containing metabolically active SRB results in the 
stimulation of sulfide production and inhibition of methanogenesis (91, 92). In addition, dietary 
sulfate supplementation results in increased activity of SRB and inhibition or reduction of 
methanogenesis in the feces (33, 141). These observations support the common assumption that 
sulfate availability is the key determinant of which of the two hydrogenotrophic pathways 
predominate in a given environment. On the other hand, Strocchi et al. (249-251) demonstrated 
repeatedly that human fecal methanogens consume hydrogen more rapidly and efficiently than 
SRB even in the presence of sulfate and suggest that the presence or absence of methanogens 
determines which of the hydrogenotrophic pathways takes place in the human colon. Their 
observations contradict the previously reported kinetic and thermodynamic values for sulfate 
reduction and methanogenesis as well. Indeed, they have observed very low hydrogen 
concentrations in the in vitro culture of methanogenic fecal homogenates, which was only about 
1/180 of that of the sulfate-reducing homogenate and 1/60 of the Ks reported for sediment 
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methanogens (250). An interesting observation has been reported in the competitive order of 
methanogens and acetogens in the wood-feeding termite gut (24). In this system, an acetogen 
Sporomusa termitida outcompete methanogens although the H2 threshold value of this organism 
is much higher than that of methanogens. It is concluded that the ability of S. termitida to 
perform mixotrophy allows conservation of more energy per unit time and per mole H2 
consumed, and this may ultimately contribute to the ability of acetogens to outcompete 
methanogens for H2. Their observation clearly indicates that factors other than H2 threshold can 
determine the competitive order among hydrogenotrophs. In this regard, more detailed study of 
in situ metabolic activities of human colonic hydrogenotrophs is required to fully understand the 
nature of relationships among them. 
There is limited information regarding the roles of acetogens and their competitiveness with 
other hydrogenotrophs in the human colon. Although acetogens are poor hydrogen utilizers, the 
ability to grow mixotrophically may enhance the competitiveness of acetogens for H2. In 
addition, almost all known acetogens can utilize alternative terminal electron accepters, such as 
nitrate, in addition to the acetyl-CoA pathway, which may also significantly improve H2-
consuming capacity of acetogens (66). In the ruminal ecosystem, it appears that autotrophic 
acetogenesis could only become a significant metabolic pathway if methanogenesis were 
inhibited, which would allow the partial pressure of hydrogen to increase to levels above the 
required threshold for reductive acetogenesis (191). However, a study with pigs indicated that 
acetogenic activity occurs in the colon even in the presence of methanogenesis (49). In the 
human colon, acetogenesis was a major hydrogenotrophic pathway only in non-methanogenic 
individuals (17, 129, 292). Correspondingly, the number of acetogens was significantly higher in 
non-methanogenic than methanogenic individuals (17, 63), consistent with a competitive 
 18 
relationship between these two groups of hydrogenotrophs. In contrast, competition for H2 was 
not observed between colonic acetogens and SRB (17). Overall, the extent of the metabolic 
contribution of reductive acetogenesis to the growth of other hydrogenotrophs in the human 
colon is not understood at present.  
In a recent review, Muyzer and Stams (183) point out that the occurrence of high numbers of 
SRB does not necessarily reflect the occurrence of sulfate reduction and that, in many recent 
publications, this link is made too easily. Their statement seems applicable to studies of colonic 
SRB, as they are often explained solely in terms of their H2-consuming sulfate reducing activity, 
and their metabolic versatility often seems to be overlooked. In this regard, the presence of large 
populations of SRB in a sulfate-depleted, methanogenic reactor (219) demonstrates the ability of 
SRB to grow with various environmental conditions. It is also known that H2-producing, 
fermentatively-growing SRB can have a syntrophic relationship with methanogens via 
interspecies H2 transfer (26), although the extent to which this type of relationship occurs in the 
human colon is not clear. In fact, few studies have examined in detail metabolic pathways 
underlying potential competition or coexistence of SRB and methanogens in the human colon. 
Functional gene-based molecular approaches may provide some insight into the metabolic 
activities of SRB. Transcript levels of dsr were related to the cell-specific sulfate reduction rate, 
thus providing information on the metabolic state of SRB (187, 279). Dar et al. (48) examined 
SRB diversity in sulfidogenic wastewater treatment reactors by both DNA- and RNA-based 
DGGE for 16S rRNA and dsrB genes, and observed marked differences between the SRB 
populations that were present and those that were metabolically active.  
Physiological differences among strains of SRB in the human colon may also partially 
explain discrepancies reported in the competition between SRB and methanogens. For example, 
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Pitcher et al. (208) reported that the growth characteristics of human-derived SRB strains can be 
divided into rapid and slow growing phenotypes, which show high and low sulfate reducing 
activity, respectively. Competition for sulfate between different types of SRB may also explain 
partially the competitive interaction of hydrogenotrophic microbes in sulfate-limited 
environments. Clearly, careful integration of molecular techniques with biochemical analyses 
will be required to gain insights into metabolic activities and population dynamics of SRB in the 
human colon. 
 
III. Host Influences on and Responses to Microbial Hydrogenotrophy 
Effects of diet on microbial hydrogenotrophy 
Diet intake and composition affect the supply of substrates to the colonic microbiota both 
quantitatively and qualitatively, and thus influence colonic microbial metabolism and 
competition. In regards to dissimilatory sulfate reduction, food sources of inorganic sulfate 
include commercial breads, dried fruits and vegetables, nuts, fermented beverages, and brassica 
vegetables (83). Diets supplemented with inorganic sulfate stimulate H2S production within the 
colon (33, 141). Hydrogen sulfide can also be generated through bacterial fermentation of 
cysteine through cysteine desulfhydration. Although predominate groups of intestinal microbes 
including Bacterioides, Clostridia, and Fusobacteria possess this potential, there is little to no 
information in the literature regarding the extent to which this pathway is utilized. Of note, 
concentrations of free sulfur amino acids in colonic mucosa are relatively low (3). In vitro 
incubation studies using human feces also indicate that the organic sulfur-containing compounds 
including cysteine, taurocholic acid and mucin provide a more readily utilizable source of 
sulfides than inorganic sulfate (81, 134). Magee et al. (156) demonstrated that dietary protein, 
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especially meat, was an important substrate for sulfide production in the colon with sulfur amino 
acids rather than inorganic sulfate being the major sulfur substrate. Together, these observations 
indicate that microbial sulfur amino acid degradation likely plays an important role in colonic 
sulfidogenesis, in addition to dissimilatory sulfate reduction by SRB. Consequently, fecal sulfide 
concentration, which is often used as an indicator of in situ SRB activities, may not serve as a 
reliable marker for this purpose.  
Effects of diet on the methanogenic microbiota are not clear. Whereas breath H2 concentration 
increases after ingestion of nonabsorbable carbohydrates, breath CH4 concentration does not 
increase appreciably after ingestion of various slowly fermented compounds (138). This may be 
explained by the physical separation of the primary site of carbohydrate fermentation and CH4 
production or may be due to the slow transit time for dietary fibers to reach the left colon where 
methanogenesis primarily takes place. The lack of correlation between methane production and 
diet may also indicate that intestinal methane production relies more on endogenous sources such 
as mucins (105, 201) rather than dietary substrates. 
It is largely accepted that diet affects the development of microbiota during infancy (77). In 
regards to hydrogenotrophic microbes, gas release by infant feces is strongly influenced by the 
infant’s diet. Breastfeeding is associated with production of high CH4 and low CH3SH and H2S, 
while soy-based formula is associated with high production of CH4 and H2S (114). A study with 
rats indicated that environmental effects on colonic methanogenesis were most evident during 
the weaning period (82). These observations indicate the possibility that dietary exposure during 
infancy may play a role in the development of hydrogenotrophic microbiota that persists into 
adulthood. 
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Effects of ethnicity on microbial hydrogenotrophy 
Host genetic determinants likely shape the microbial composition of the intestinal 
microbiota. For example, a significant impact of host genotype on the microbiota has been 
demonstrated by comparison of individuals and inbred mouse strains with varying degrees of 
genetic relatedness (246, 264, 274, 275, 309). Genetic effects on colonization of the 
hydrogenotrophic microbiota are not clear. Hackstein and Van Alen (103) investigated methane 
emissions by 253 vertebrate species and showed that the methanogenic trait is shared by related 
species and higher taxa, irrespective of differing feeding habits. Based on this observation, they 
suggested that methane production is a primitive shared character (pleisomorphic) and that loss 
of that competence appears to be a synapomorphic (shared-derived) character. Their screening of 
methane emissions from five Dutch and German families also indicated that the methanogenetic 
trait is controlled by genetic factors, which segregate as an autosomal, dominant character (101). 
Similar potential genetic effects were also shown in a study by Bond et al. (22), in which high 
concordance for methane production was observed between siblings and between parents and 
their children but not in spouses. However, they also observed an unusually high incidence of 
methane producers among institutionalized children living together in closed units for a long 
period of time and concluded that, while genetic effects cannot be denied, early environmental 
influences are important in the establishment of methanogenetic microbiota (22). Florin et al. 
(82) also evaluated genetic and environmental effects on the methanogenic trait in humans and 
rats and concluded that shared and unique environmental factors are the main determinants. 
It is well established that the percentage of methane producers varies significantly in humans 
of different ethnic groups, ranging from 34% to 87% (summarized in Levitt et al. (138)). In 
addition, the methanogenic phenotype appears to be remarkably stable within a population over 
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time (138). It is commonly found that black Africans are highly methanogenic compared to 
Caucasians (94, 238). However, it is difficult to sort out the multifactorial interactions among 
host ethnicity, environment, and diet. Segal et al. (238) reported that the percentage of methane 
producers was lower in urban black Africans (72%) compared to the rural population (84%). 
O’Keefe et al. (196) found that the hydrogen and methane breath emission patterns of African 
Americans are more similar to those of Caucasian Americans than to native Africans. In this 
case, the two American groups were consuming typical Western diets while native Africans 
consumed a maize-based diet low in animal-based protein and high in RS. Moreover, the need to 
understand how genetic background and diet interact to influence the composition and metabolic 
activity of hydrogenotrophic microbes is justified by evidence that Africans consuming a diet 
high in RS exhibit a significantly reduced risk for developing chronic intestinal inflammatory 
disorders as well as sporadic colorectal cancer (196). 
Inflammatory bowel disease 
Crohn’s disease (CD) and ulcerative colitis (UC) are the two major forms of inflammatory 
bowel disease (IBD) afflicting 0.1-0.5% of individuals in Western countries (107, 212). The 
hallmark of IBD is poorly-controlled chronic inflammation of the intestinal mucosa, which can 
affect all parts of the gastrointestinal tract. Recent studies provide strong evidence that IBD 
results from multifactorial interactions among genetic and environmental factors that lead to a 
dysregulation of the innate immune response to the intestinal microbiota in genetically 
predisposed individuals (212). Substantial evidence also exists for a potential pathogenic role of 
H2S in IBD, particularly in ulcerative colitis. (210).  
Patients with UC ingest more protein and thereby sulfur amino acids than control subjects 
(266). Removing foods rich in sulfur amino acids (e.g., meat, eggs, dairy) has proven therapeutic 
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benefits in UC (267). It has also been reported that the numbers of SRB and rate of 
sulfidogenesis were greater in UC patients than control cases (93, 208). Another study using 
PCR techniques to evaluate the presence of different SRB species found that the prevalence of D. 
piger was significantly higher in IBD patients as compared to healthy individuals or to patients 
with other gastrointestinal symptoms (146). In a study of patients with UC, production of H2S 
from feces was 3-4 times greater than from feces of controls (134). However, this difference in 
H2S production was apparently not due to colonization by a greater number of SRB, as patients 
with active UC did not harbor more SRB than healthy controls in either stool or rectal mucosal 
samples as measured by qPCR (79). Based on their results, Fite and coworkers proposed that if 
SRB were involved in the pathogenesis of UC, there would have to be a defect in tissue 
detoxification of H2S. The rate-limiting step in sulfide detoxification is oxidation by a sulfide 
oxidase to thiosulfate. Rhodanese then converts this thiosulfate to thiocyanate, but this reaction 
does not increase the rate of sulfide detoxification (290). Identification of the specific sulfide 
oxidase involved in colonic sulfide detoxification would be a useful endeavor as would a 
determination of the extent of individual variation in the activity of this enzyme(s). Indeed, 
impairment of mucosal function and exposure of the colonic epithelium to H2S concentrations 
that exceed the detoxification capacity of the mucosa may predispose to UC (137).  
Conflicting results regarding the density of SRB populations may reflect the confounding 
effect of a common treatment regimen for patients with UC. Specifically, 5-aminosalicylic acid 
(5-ASA), an anti-inflammatory medication commonly prescribed for UC, also inhibits SRB 
growth and production of H2S (72, 208). Thus, while no difference in stool sulfide 
concentrations was found between patients with UC and non-colitic controls when the use of 
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salicylates in colitic patients was not accounted for (180), fecal sulfide concentrations were 
significantly higher in patients with UC who were not administered 5-ASA (208).  
Increased activity of mucin sulfatase, an enzyme that frees sulfate groups from sulfomucins 
(269), was observed in patients with active UC but not Crohn’s disease (268). In most patients, 
fluctuations in fecal sulfatase activities corresponded to clinical disease activity. Thus, it was 
suggested that the increased fecal sulfatase activity contributed to perpetuation of the disease. 
Enhanced sulfatase activity in individuals genetically predisposed to a high SRB carriage rate 
would represent a particularly threatening scenario because of the increased availability of 
endogenous sulfate for SRB sulfide production. Similarly, diets high in exogenous sources of 
sulfate would likely represent the greatest risk for those genetically predisposed to high SRB 
carriage rate.   
Further supporting a role for H2S in UC is the observation that SRB were found in surgically 
constructed ileo-anal pouches of UC patients but not in pouches of patients with familial 
adenomatous polyposis (FAP) and that H2S production in UC pouches was 10 times greater than 
that in FAP pouches (67). In addition, the severity of pouchitis is correlated with fecal 
concentrations of H2S (195) possibly reflecting a pathogenic role for this gas. Coffey et al (2009) 
proposed that colonic metaplasia may follow the surgical creation of a pouch in UC patients, 
leading to increased production of sulfomucin which, in turn, supports colonization by SRB. The 
adverse consequence of such colonization is greater exposure to H2S, potentially at 
proinflammatory concentrations (38).  
In addition to an exogenous source resulting from bacterial sulfate reduction, H2S is also 
endogenously produced in various tissues by cystathionine β-synthase (CBS) or cystathionine 
gamma lyase (CSE) (1, 117, 166, 283). The contributions of endogenously produced H2S as a 
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gaseous signaling molecule have generated a great deal of interest lately as a possible mediator 
of various physiological functions particularly in neuronal and cardiovascular tissues (36, 118, 
237, 283, 306, 307). However, a recent report provided convincing evidence that whole tissue 
and blood concentrations of free H2S are orders of magnitude less than conventionally accepted 
values (87). Endogenous H2S in the colon of the mouse and rat appears to be produced primarily 
by constitutively expressed CBS in the muscularis mucosae, submucosa and cells of the lamina 
propria rather than by the epithelium (159, 282). Intriguingly, a recent report demonstrated that 
inhibition of H2S synthesis in healthy rats resulted in mucosal injury and inflammation in the 
small intestine and colon, while intracolonic administration of H2S significantly reduced the 
severity of trinitrobenzene sulfonic acid-induced colitis (282). These data indicate that the 
outright assumption that colonic H2S is deleterious may be flawed and justify additional study of 
both bacterial and endogenous sources of H2S in the human colon. 
There are few but consistent reports that the prevalence of the methanogenic phenotype is 
significantly lower in patients with CD or UC than in healthy control subjects. However, this 
intriguing finding has received limited attention. There are minimal microbiological data, and it 
is not known if the reduced prevalence of methane excretion in IBD reflects a predisposing host 
trait or simply a pathophysiological correlate of disease. It was reported that breath methane was 
detected in 44% of healthy Caucasian subjects (21), but absent in a cohort of 28 patients with 
Crohn's ileitis (20). McKay et al. (165) reported significantly lower prevalence of methane 
excretion in patients with CD and UC (13% and 15%, respectively) compared with healthy 
controls (54%). Peled and coworkers (200) studied breath methane and found that among 
controls, 50% produced methane. In contrast, breath methane was detected in only 6.1% of 
patients with CD, while 31.4% of UC patients excreted this microbial gas. A more recent study 
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(206) compared the excretion of either hydrogen or methane alone to combined excretion of 
these two gases following a lactulose breath test. The predominant gas excreted by patients with 
IBD was hydrogen alone (47 of 49 subjects with CD and all 29 subjects with UC) (206). In fact, 
breath methane was detected as the predominant gas in only 2 of the 78 subjects with IBD in this 
study. To date, there is only a single report on the use of a molecular-based approach to compare 
the incidence and density of colonic methanogens in healthy controls versus IBD patients. 
Targeting the mcrA gene, Scanlan et al. (234) reported that while methanogen incidence was 
numerically reduced in both IBD groups relative to healthy controls, statistical significance was 
observed only for subjects with UC. Numerous metabolic and physiologic processes, of both 
microbial and host origin, including blood flow, tissue oxygen tension and epithelial integrity, 
are involved in the complex pathway from the production of methane to its excretion in breath. 
Thus, a multitude of mechanisms likely account for the consistent observation of reduced breath 
methane in IBD patients.  
Collectively, available data illuminate the significant amount of work required to determine 
if a better understanding of the methanogenic niche in the human colon might offer novel 
prophylactic or therapeutic options for IBD.  
Irritable bowel syndrome 
Irritable bowel syndrome (IBS) is a functional bowel disorder characterized by chronic 
abdominal pain, bloating, and abnormal bowel habits (161). Diarrhea or constipation may 
predominate, or they may alternate; classified as IBS-D, IBS-C or IBS-A, respectively. The exact 
cause of IBS is unknown. Current explanations for IBS (162) neither account for postprandial 
bloating, a symptom that affects 92% of IBS patients (29), nor explain the physical evidence of 
increased abdominal girth and greater small intestinal gas after meals in these patients (125, 
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130). Additionally, the breath of IBS patients has greater hydrogen and methane excretion than 
controls (119). Since these gases are strictly microbial in origin (119), any explanation of IBS 
must account for abnormal microbial fermentation.  
A recent study of IBS-C patients observed decreased fecal populations of lactic acid bacteria, 
lactate utilizers, and butyrate-producing Roseburia species, and increased populations of 
Enterobacteriaceae and SRB relative to control subjects (Chassard et al., 2009 DDW abstract). 
These results suggest that abnormal fermentation may take place in the gut of IBS subjects, 
possibly leading to production of deleterious metabolites such as H2S that could contribute to the 
digestive symptoms. Consistent with this possibility, it was demonstrated recently that 
exogenous H2S (NaHS) inhibits in vitro motor patterns in the human, rat and mouse colon and 
jejunum mainly through an action on multiple potassium channels (88).  
Along with H2S, a pathogenic role for methane in constipation is also emerging. While breath 
excretion of methane was absent in children without altered bowel habits, 86.3% of children with 
constipation and fecal soiling exhibited methane excretion (243). During a randomized, 
controlled trial of the effect of antibiotics on symptoms of IBS, the type of breath gas was 
observed to correlate with bowel symptoms (203). While methane excretion was not observed in 
patients with IBS-D, 12 out of 31 patients with IBS-C excreted methane. Correspondingly, IBS 
patients with methane excretion were found to have a reduced plasma concentration of serotonin, 
the key mediator of the peristaltic reflex (204). Colonic transit of radio-opaque markers was also 
observed to be abnormally slow in children with chronic constipation who excreted breath 
methane (242). The relationship between methane and constipation can be explained on the basis 
of the biologic effect of this gas. Methane slows intestinal transit by converting the pattern of 
motility from peristaltic to non-peristaltic (205). Finally, the presence of methane in the breath 
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can be used as a biomarker for IBS-C since the detection of this gas has a sensitivity of 91.7% 
and a specificity of 81.3% for this diagnosis (110).  
Colorectal cancer 
Colorectal cancer is the third most frequent cancer worldwide, producing greater than 
940,000 new cases and being responsible for approximately 492,000 deaths annually (285). 
Genetic and environmental factors play a significant role in the development of colorectal cancer 
(50, 120, 214, 222). Although etiologically divided into sporadic (90% of the cases), hereditary 
(5-10%), and inflammatory bowel disease (IBD)-associated (2%), all colorectal cancers show 
multistep development with several mutations (50, 120, 222). Doll and Peto (62) estimated that 
over 90% of gastrointestinal cancers are determined by environmental factors such as diet. It has 
been suggested that environmental cancer risk is determined by the interaction between diet and 
colonic microbial metabolism (196). Particularly, there is strong epidemiologic and experimental 
evidence showing that diets with high animal fat and protein (meat) are associated with increased 
risk of colorectal cancer (192, 232, 287). As discussed earlier, meat provides high dietary sulfur, 
which can promote bacterial production of H2S in the colon.  
Kanazawa and colleagues (115) demonstrated that H2S concentrations were significantly 
greater in male patients who had previously undergone surgery for sigmoid colon cancer and 
who later developed new epithelial neoplasia of the colon, compared to males of similar age with 
a healthy colon. The ability of the colon to detoxify H2S is also reduced in patients with colon 
cancer (217). The association of H2S with colon cancer is further supported by the finding that 
H2S induces colonic mucosal hyperproliferation with this effect reversed by butyrate (32).  This 
effect of H2S may be mediated by mitogen activated protein kinase (MAPK)-mediated 
proliferation (54). Hydrogen sulfide is also a potent genotoxin that induces direct free radical-
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associated DNA damage (10, 11). Colon cancer in UC and, perhaps, sporadic colon cancer might 
reflect genomic instability resulting from exposure to H2S (10). Since the number of SRB was 
reported to be either not different (13) or reduced in colorectal cancer patients when compared to 
healthy controls (235), impaired detoxification of H2S may be critical to the role of this 
compound in colon cancer.  
Regarding an association between colorectal cancer and methanogenesis, findings remain 
controversial. Haines et al. (104) reported a high proportion (80%) of methane producers among 
colon cancer patients compared to control subjects (40%). However, rural black Africans have a 
low risk for colorectal cancer even though rural Africans are significantly more methanogenic 
than Western populations (238). Pigue et al. (207) reported a high percentage of methane-
producers among patients with unresected colon cancer (86-92%), which decreased to normal 
levels (43-47%) after resection. This observation indicates a possibility that the presence of the 
colonic tumor increases the incidence of methane production. Recently, a negative correlation 
was found between mean fecal butyrate concentration and methanogen abundance, which may 
indicate indirect association of methanogens with colorectal cancer or other gastrointestinal 
disorders (2). However, much additional data are needed before causal relationships between 
hydrogenotrophic microbes and colorectal cancer can be confirmed. 
Obesity 
Recent findings with animal models and human studies support the emerging concept that the 
composition and metabolic functions of intestinal microbiota also exert considerable influence 
on host energy balance. Two recent reviews (60, 263) summarize pathways involving both 
microbial and host mechanisms that possibly link the microbiota to host energy metabolism. 
Most pertinent to the present report is evidence for involvement of hydrogenotrophic microbes in 
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energy homeostasis of the host. Overall, the findings confirm the importance of interspecies 
hydrogen transfer for fermentation efficiency. While this is a well-documented phenomenon, 
recent empirical evidence from human and animal model studies revealed the relevance of this 
key concept in microbial ecology to mammalian energy homeostasis. A study by Samuel and 
Gordon (230) demonstrated that co-colonization of germ-free mice with Bacteroides 
thetaiotaomicron, a prominent hydrolyzer of non-digestible polysaccharides in the human colon 
(301), and M. smithii not only increased the efficiency of energy extraction from dietary 
polysaccharides but also changed the specificity of polysaccharide fermentation by B. 
thetaiotaomicron, leading to a significant increase in adiposity in B. thetaiotaomicron/M. smithii 
biassociated mice (230). Comparisons were made in gnotobiotic mice harboring Desulfovibrio 
piger as the possible hydrogenotrophic partner; however, neither B. thetaiotaomicron 
fermentation characteristics nor host markers of lipid metabolism responded in a similar manner 
in B. thetaiotaomicron/D. piger biassociated mice. Flux studies enabling a comparison of the 
extent of hydrogen utilization by M. smithii versus D. piger were not performed, and thus, 
conclusions regarding the relative contribution of these two hydrogenotrophs as syntrophic 
partners of B. thetaiotaomicron are preliminary. Nevertheless, these data were the first to reveal 
the likely importance of interspecies hydrogen transfer in colonic fermentation to host energy 
balance. Further, metagenomic studies of the gut microbiota of genetically obese mice and their 
lean littermates demonstrated that the former possess a greater abundance of Archaea, contain an 
enhanced representation of genes involved in polysaccharide degradation, and exhibit a greater 
capacity to promote adiposity when transplanted into germfree recipients (270). A greater 
abundance of archaeal sequences was also observed in obese human subjects in an intriguing 
study that used high-throughput sequencing technology and qPCR to compare stool microbial 
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communities of three individuals each of normal-weight, morbidly obese, and post-gastric-
bypass surgery groups (305). Numbers of the H2-producing family Prevotellaceae were highly 
enriched in the obese individuals. Using real-time PCR and targeting the order 
Methanobacteriales, significantly higher numbers of H2-utilizing methanogenic Archaea were 
also detected in obese relative to normal-weight or post-gastric-bypass subjects. These 
investigators also hypothesized that interspecies H2 transfer between bacterial and archaeal 
species is an important mechanism for increasing uptake of SCFA from the human colon in 
obese persons. In contrast to the more recent findings, an earlier study by Haines et al. (105) 
reported an inverse association between breath methane concentrations and obesity as measured 
by skinfold thickness. However, this area of study has just begun and definitive prospective 
studies are needed to determine, in this case, whether specific hydrogenotrophic signatures 
predispose to or result from obesity.  
IV. Conclusions 
Difficulties associated with accessing the unperturbed environment of the human colon have 
limited investigation of the in situ metabolism of colonic microbes. Hence, the spatial and 
temporal scales at which microbial hydrogen metabolism occurs have not been adequately 
studied in the context of the anatomical and physiological constraints imposed by the host. 
Similarly, at this point essentially nothing is known regarding the extent to which the 
hydrogenotrophic microbiota varies in composition or metabolic specificity among individuals. 
Measurements of ecological parameters at physiological scales, requiring greater knowledge of 
transport processes and local rates of transformations are needed. Broad interdisciplinary efforts 
employing the full range of ‘omic’-based approaches and novel chemical imaging technologies 
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will be required to gain a reasonable understanding of how population dynamics and metabolic 
activities of hydrogenotrophs impact health and disease in the human colon. 
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Figure 1.1. Differential characteristics of right and left colon. The adult human colon is 
approximately 150 cm in length and consists of ascending or right colon, transverse colon, 
descending or left colon, sigmoid colon, and rectum with a volume of approximately 0.5 L. 
Microbes are the major component of colonic material with more than 10
10
 bacterial cells/ml of 
contents (233). Normal colonic transit time ranges from 20 to 56 hours (244). The mucus layer 
becomes thicker from ascending colon to sigmoid (160, 215). Mucins are likely to be important 
sources of carbohydrate in the distal colon where the supply of fermentable dietary carbohydrate 
is usually limiting. The luminal pH of the colon becomes less acidic from ascending to 
descending colon, consistent with a higher proximal rate of carbohydrate fermentation (44, 154). 
On the other hand, ammonia, the branched chain fatty acids, phenol, p-cresol and various 
phenolic acids occur predominantly in the left colon, indicating that protein breakdown and 
amino acid fermentation are quantitatively more dominant processes in this region (154). 
Differences in fermentative substrates and the pH gradient from right to left colon likely impact 
the hydrogenotrophic processes that occur in each region. Source of colon diagram: 
http://cisnet.cancer.gov/projections/colorectal/screening.php 
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Figure 1.2. Anatomic schematic of the human colon illustrating fermentative and 
hydrogenotrophic processes central to this microbial ecosystem. Products of fermentative or 
hydrogenotrophic processes are often further metabolized by microbes or absorbed by the host, 
and only proportional amounts of these products are excreted in feces, flatus or breath. Large 
amounts of gas produced during fermentation are utilized by hydrogenotrophs, greatly reducing 
the volume of luminal gas. Methane is produced exclusively by methanogens primarily via CO2 
reduction with H2. Colonic sulfide is produced by both SRB via sulfate reduction and other 
resident microbes via protein fermentation. Both dietary and endogenous sulfur is available for 
SRB in the colon. Approximately 1.5-2.6 mmol/day of sulfate is produced endogenously in the 
large intestine (80, 288), and this physiological concentration of sulfate may be sufficient to 
support SRB growth (288). Reductive acetogenesis may occur as well (orange), however, it is 
difficult to estimate the extent to which this contributes to the colonic acetate pool. CH4, 
methane; H2, hydrogen; H2S, hydrogen sulfide; SRB, sulfate-reducing bacteria. Numerical values 
were taken from (15, 80, 96, 153, 254, 257, 291, 300)  
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Figure 1.3. Methanogenic pathway from H2 and CO2. The reduction of CO2 to CH4 proceeds via 
sequential reduction of the C1 group bound to coenzymes; methanofuran (MF), 
tetrahydromethanopterin (H4MPT), and 2-mercaptoethanesulfonate (CoM-SH). Factor420 (F420), a 
fluorescent electron carrier that is specific to methanogens, is often used to detect their presence 
in mixed microbial suspensions. Methyl coenzyme M is a central intermediate in all 
methanogenic pathways. Methyl coenzyme M methylreductase (MCR; reaction 7) catalyses the 
reduction of a methyl group bound to coenzyme-M, forming the final product methane. 
Reduction of the co-product, heterodisulfide, is coupled with energy conservation (reaction 8). 
This terminal reaction of methanogenesis is shared by all types of methanogenic pathways 
regardless of the initial substrate. 1. formylmethanofuran dehydrogenase (FMD), 2. formyl-
MFR:H4MPT formyltransferase (FTR), 3. 5,10-methenyl-H4MPT cyclohydrolase, 4. 5,10-
methylene-H4MPT-dehydrogenase, 5. 5,10-methylene-H4MPT reductase, 6. 5-methyl-
H4MPT:CoM-SH methylransferase (MTR), 7. methyl coenzyme M methylreductase (MCR),  8. 
heterodisulfide reductase. 
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Figure 1.4. Dissimilatory sulfate reducing pathway. The biochemistry of dissimilatory sulfate 
reduction has been investigated most extensively with Desulfovibrio species. Sulfate is an 
unfavorable electron acceptor, which has low redox potential and cannot be directly reduced by 
most intracellular electron mediators. Therefore, sulfate must be activated by the formation of 
adenosine-phosphosulfate (APS) before reduction, at the expense of ATP. The enzyme that 
catalyzes this reaction is ATP sulfurylase (reaction 1). The reduction of APS to sulfite (or the 
protonated form bisulfate) and AMP is the first redox reaction catalyzed by APS reductase 
(APR; reaction 3). The following reduction of sulfite to sufide, which involves the transfer of six 
electrons by dissimilatory (bi)sulfite reductase (DSR; reaction 4), is the central energy-
generationg process. The mechanism for sulfite reduction to sulfide has not been fully 
established yet, and two possible mechanisms are suggested; a sequential three two-electron 
reducing steps with the formation of trithionate and thiosulfate as intermediates (reaction 4; left 
pathway), or a direct six-electron reduction of bisulfate to sulfide (reaction 4; right pathway). 
1. APS sulfurylase, 2. phyrophosphate, 3. APS reductase (APR), 4. dissimilatory bisulfite 
reductase (DSR) 
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Figure 1.5. Acetyl-CoA (Wood-Ljundahl) pathway. This pathway contains two branches: the 
methyl branch and the carbonyl branch. The methyl group of acetate is formed via 
tetrahydrofolate (H4folate)-bound C1 intermediates (reaction 1-6), and the carboxyl group of 
acetate is formed from CO2 via reduction to CO (reaction 7). The methyl branch is widely 
distributed in nature while the carbonyl branch, which has novel biochemical properties, is 
unique to acetogens, SRB and methanogens. The two branches merge at the synthesis of acetyl-
CoA catalyzed by the enzyme acetyl-CoA synthase (reaction 8). Energy conservation may occur 
both by substrate-level phosphorylation during reductive synthesis of acetate (reaction 10) and 
by chemiosmiotic processes. However, during autotrophic growth with H2 and CO2, energy 
conservation is dependent solely on the chemiosmotic process because the ATP produced by 
substrate-level phosphorylation is consumed during the activation of formate (reaction 2). 1. 
formate dehydrogenase, 2. formyl-H4folate synthetase, 3. methyl-H4folate cyclohydrolase, 4. 
methenyl-H4folate cyclohydrolase and methylene-H4folate dehydrogenase complex, 5. 
methylene-H4folate reductase, 6. methyltransferase, 7, 8. carbon monoxide dehydrogenase/acetyl 
CoA synthase (CODH/ACS), 9. phosphotransacetylase, 10. acetate kinase 
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CHAPTER 2 
MICROBIAL COMMU%ITY A%ALYSIS OF RECTAL METHA%OGE%S A%D 
SULFATE REDUCI%G BACTERIA I% TWO %O%-HUMA% PRIMATE SPECIES 
 
I. Introduction 
Molecular hydrogen (H2) is primarily formed in the digestive tract of human and animals as 
part of the fermentative breakdown of organic matter from the reoxidation of the reduced 
pyridine nucleotides NADH and NADPH (291). Hydrogen is maintained at very low partial 
pressures to meet the thermodynamic requirements for anaerobic fermentation processes in the 
colon. Methanogenesis and sulfate reduction are the major hydrogen oxidizing pathways in the 
human colon (90). It has been suggested that these metabolic pathways occur in a mutually 
exclusive manner in the colon (90, 94, 95). A variety of factors including intestinal transit rate 
(141), colonic pH (90), sulfate availability (33, 90-92, 141), host genetic background (101) and 
environmental factors (22, 82) are considered to influence which of the hydrogenotrophic 
pathways predominate in the colon.  
The symbiosis of animals and intestinal methanogens has been observed in a wide range of 
animal species. While all ruminants have significant numbers of methanogens, animals with 
hindgut fermentation vary in the extent to which they harbor intestinal methanogens (100). 
Extended screening of methane emissions from terrestrial arthropods and vertebrate species 
indicates that there are evolutionary rather than dietary constraints for the symbiosis between 
animals and methanogens (101-103). Integration of the methane emission results with host 
%akamura, %., S. R. Leigh, R. I. Mackie, and H. R. Gaskins. 2009. Microbial community 
analysis of rectal methanogens and sulfate reducing bacteria in two non-human primate species. 
J. Med. Primatol. 38:360-370. 
 41 
phylogenies indicates that methane production is a primitive shared (pleisomorphic) character 
among reptiles, birds, and mammals (103).  
In non-human primates, most Old World monkeys are methane producers, whereas numerous 
non-producers have been identified among New World monkeys (101). The absence of 
methanogens appears to be independent of distinct morphological, physiological, or ethological 
characteristics, indicating that the methanogenic phenotype may also depend on a hereditary 
predisposition in non-human primates (101). In humans, significant differences exist in the 
carriage of methanogenic microbiota (140). Methane-producers have been shown to harbor an 
average of 10
9
 CFU/g of methanogens in feces, while non-producers harbor 10
4
 CFU/g (211). It 
is also well established that the percentage of methane-producers varies significantly in humans 
of different ethnic groups (94, 238). In addition, the percentage of individuals with the 
methanogenic phenotype appears to be remarkably stable within a population over time (138).  
Hydrogenotrophic microbiota can directly impact colonic health. For example, the metabolic 
pathways used by SRB culminate in the production of the toxic gas hydrogen sulfide, which can 
impair colonic cell integrity and may contribute to the development of chronic intestinal diseases 
such as inflammatory bowel disease (209, 228) or colorectal cancer (115). On the other hand, 
methanogenesis has been shown to slow intestinal transit (205) and is associated with diseases 
such as constipation-predominant irritable bowel syndrome (30, 202, 203, 206) or diverticulosis 
(284).  
Non-human primates are important animal models for studying the etiology of human 
diseases. Primate species such as cotton-top tamarins and rhesus macaques are often used as a 
model for colorectal cancer or colonic inflammatory diseases (35, 218, 223, 273). However, 
information is lacking regarding the intestinal hydrogenotrophic activities of non-human 
 42 
primates in general. Knowledge on intestinal hydrogenotrophic microbiota of non-human 
primate species would provide new insight into their use as models for colonic diseases, and 
possibly a better understanding of the factors that control the methanogenic phenotype in 
humans. Although methanogens have been detected in non-human primates by measuring fecal 
methane emission (103), the diversity of methanogenic microbes in non-human primates has not 
been characterized. A lack of knowledge also exists regarding how the presence or the diversity 
of methanogens relates to the microbial community of SRB in non-human primates. 
This study characterized rectal methanogen and SRB communities of mangabeys and 
baboons, using the molecular methods of PCR-DGGE and qPCR. To analyze the methanogen 
community, Archaea 16S rRNA and methyl coenzyme-M reductase subunit A (mcrA) genes 
were used as target molecules. To analyze the SRB community, genes encoding dissimilatory 
(bi)sulfite reductase (dsrA, dsrB) and dissimilatory adenosine-5′-phosphosulfate reductase (aprA) 
were used as molecular targets, as well as the 16S rRNA gene of one of the dominant SRB 
groups found in the mammalian intestinal tract. 
 
II. Materials and Methods 
Samples  
The rectal swabs used in this study were collected from mangabeys (Cercocebus atys) at 
Yerkes Primate Center and baboons (Papio hamadryas) at Southwest Foundation for Biomedical 
Research. The study included five males and five females of each species. Age of animals ranged 
from 5 to 10 years (median 6 years) for mangabeys, and 4 to 11 years (median 5.5 years) for 
baboons. The animals were fed with monkey chow supplemented with fruits and housed in 
accordance with the Guide for the Care and Use of Laboratory Animals (186). Swabs were 
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frozen immediately after collection, and stored at -80°C. All samples were collected in 
accordance with the Guide, and procedures were approved by the Institutional Animal Care and 
Use Committee (IACUC) at the University of Illinois. 
D%A extraction and PCR amplification  
DNA was extracted from the swabs by using QIAamp DNA Stool Mini Kit (QIAGEN, 
Valencia, CA). PCR amplification for each target was performed using the primers shown in 
Table 2.1. Each 25 µl PCR reaction mixture contained 10 ng of extracted DNA, 2.5 µl of 10× 
PCR Buffer (TaKaRa, Shiga, Japan), 2 µl of bovine serum albumin (BSA; 0.1 mg/ml; New 
England Biolabs, Ipswich, MA), 200 µM of each dNTP (TaKaRa), 0.5 or 1 µM of each primer, 
and 0.5 U of TaKaRa Taq polymerase (TaKaRa). PCR was performed by initial denaturation at 
94°C for 2 min, followed by 40 cycles of denaturation at 94°C for 30-60 s, primer annealing at 
defined temperature (Table 2.1) for 30-60 s, and extension at 72°C for 1 min. Final extension 
was performed at 72°C for 7 min, or 30 min to reduce the occurrence of artifactual double bands 
in DGGE (112). Two-step nested amplification was performed to obtain Desulfovibrionales-
related 16S rDNA fragments (47). DNA template was first amplified with the Desulfovibrionales 
group-specific primer. The product obtained was used as a template to produce fragments 
suitable for DGGE with Bacterial universal 16S V3 primers with a GC clamp. A touch-down 
PCR protocol was used for the amplification of universal archaeal and bacterial 16S rDNA 
sequences by decreasing the temperature at a rate of 0.5°C/cycle for the first 10 cycles. 
PCR-denaturing gradient gel electrophoresis (DGGE) 
PCR products (5-10 µl) were loaded in a 8% [w/v] polyacrylamide gel of 35% to 60% linear 
DNA-denaturing gradient (The 100% [w/v] denaturant solution contains 7 M urea and 40% 
[w/v] formamide), and DGGE was performed using the BioRad D-code system (BioRad, Los 
 44 
Angeles, CA). Gels were run in 60°C 1× TAE buffer at 150 V for 2 hours and then at 200 V for 
1 hour. Following electrophoresis, gels were silver-stained and scanned using a GS-710 
calibrated imaging densitometer (BioRad). Images were analyzed using Diversity Database 
software (BioRad). Each band on the gel was identified regardless of the band intensity. Pairwise 
similarity was determined using the Dice coefficient of similarity (Cs) where no common bands 
= 0 and identical band patterns = 1. An intraspecies similarity index was calculated by averaging 
the Cs of all intraspecies pairs of DGGE profiles within each primate species.  
Bands of interest were excised from the gel using a sterile pipette tip and incubated in water 
overnight to facilitate diffusion of DNA out of the gel. The solution was used for re-
amplification with the corresponding primer pair (without GC clamp) and the cycling protocol 
originally used in DGGE. 
Real-time quantitative PCR 
The mcrA and dsrA sequences were amplified using the primers shown in Table 2.1. Assays 
were performed using the ABI PRISM 7900HT Sequence Detection System (Applied 
Biosystems, Foster City, CA). The 10 µl reaction mixture contained 10 ng template DNA, 250 
nM (dsrA) or 500 nM (mcrA) of each primer, and 1 µl of BSA (0.01 mg/ml; New England 
Biolabs). SYBR Green PCR Master Mix (2×; Applied Biosystems) was used for the detection of 
target sequences. PCR cycles consisted of one cycle of 50°C for 2 min and 95°C for 2 min, and 
40 cycles of 95°C for 15 s and 60°C for 1 min. The measurements were done in triplicate. 
Specificity of amplification was confirmed by dissociation curve analysis of qPCR end products 
by increasing the temperature at a rate of 1°C /30 s from 60 to 90°C. Standard curves were 
generated from 1 to 10
6
 cloned plasmids, which contain the target sequence amplified from the 
primate rectal samples. Detection limits of both mcrA and dsrA were 10 copies. Relative 
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abundance of mcrA and dsrA was estimated by comparing the log copy numbers of mcrA and 
dsrA. 
Cloning and sequencing of PCR products 
The DGGE bands were excised from gels and reamplified before cloning. The PCR products 
from DGGE or qPCR were cloned in One Shot Competent E. coli using the TOPO TA cloning 
kit (Invitrogen, Carlsbad, CA). White colonies of ampicillin-resistant transformants were 
transferred to 5 ml of ampicillin-containing Luria-Bertani broth and grown overnight. Plasmid 
DNA was purified with a QIAprep Spin Miniprep Kit (QIAGEN), digested by EcoRI and 
analyzed by agarose gel electrophoresis to verify the insert size. Clones were sequenced using an 
automated sequencing system (Applied Biosystems) at the W. M. Keck Center for Comparative 
and Functional Genomics (University of Illinois Biotechnology Center, Urbana, IL).  
Phylogenetic analysis  
Sequences were checked for chimeras using Ribosomal Database Project Chimera Check 
program (39), and were analyzed using the Basic Local Alignment Search Tool (BLAST) family 
of programs to search for similar nucleotide sequences in GenBank 
(www.ncbi.nlm.nih.gov/BLAST/). Phylogenetic analysis was performed using MEGA version 4 
(260). A phylogenetic tree was constructed using the neighbor-joining method (229).  
Statistical analysis 
Principal component analysis (PCA) and the statistical comparison of principal component 
scores and similarity indices were performed by the t-test. All statistical analyses were run with 
Systat 11 (Systat, Chicago, IL). 
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III. Results 
Diversity analysis of Archaea by DGGE of Archaea 16S V3 rD%A 
The DGGE of Archaea 16S V3 rRNA gene generated numerous bands, some of which were 
common within or across the two primate species (Figure 2.1A). The number of DGGE bands in 
each individual ranged from 2 to 11. A significantly greater number of bands was detected in 
mangabeys (8.5 ± 2.3) than in baboons (5.9 ± 2.3; p < 0.05). Principal component analysis (PCA) 
was used to further interpret the complex microbial community profiles revealed by the DGGE 
banding patterns. A scatter plot generated with the principal component factor scores (Figure 
2.2A) demonstrates that archaeal community profiles group according to host species. The score 
of principal component factor 1 (PC-1), which explained 31.8% of the total variance, was 
significantly different between the two primate species (p < 0.001). Comparison of intraspecies 
similarity indices of DGGE banding patterns indicates that the archaeal communities of 
mangabeys (Cs = 68 ± 16) were significantly more uniform within host species compared to 
those of baboons (Cs = 55 ± 17; p < 0.01).  
Twelve DGGE bands (Bands 1-12; Figure 2.1A) were excised from the gel, reamplified and 
cloned for sequencing. DNA sequence was obtained from a total of 36 clones (2-6 clones from 
each band). The sequences were compared to those archived in the GenBank database using 
BLASTn. All the excised DGGE bands contained at least one sequence that was most similar to 
the sequences deposited as uncultured methanogenic Archaea 16S rRNA gene. However, a few 
eukaryotic 16S-like rDNA sequences were detected as well. Three of six clones sequenced from 
Band 5 and one of four clones from Band 9 were most similar (88-99%) to Entamoeba coli 16S-
like small subunit rDNA sequences. One of six clones from Band 5 was most similar (96%) to 
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Pentatrichomonas hominis small subunit rDNA. One of three clones from Band 12 was most 
similar (98%) to uncultured eukaryote 16S-like rDNA.  
A total of 16 distinct sequences were identified from the remaining 30 archaeal 16S rDNA 
clones. A phylogenetic tree was constructed using the cloned sequences and sequences from the 
database (Figure 2.3). The analysis resulted in the identification of two distinct phylogenetic 
clusters. Four of the cloned sequences grouped with Methanobrevibacter species that are 
commonly found in the rumen and intestinal tract of animals. The other 12 sequences formed a 
cluster distinct from any identified methanogen species (100% bootstrapping support), grouping 
with previously published archaeal sequences detected from ruminal samples of sheep (CSIRO-
Qld03, CSIRO1.04, CSIRO1.33, CAw555 TA (194, 298, 299)) and cattle (M1, M2, M7 (258)), 
pig manure storage (DF53, DF86 (241)), and wine anaerobic digester (vadinCA11, vadinDC79 
(97)). No apparent differences were observed in the phylogenetic distribution of cloned 
sequences originated from the two primate species. 
Diversity analysis of SRB by DGGE of dsrB and apsA  
The SRB diversity was evaluated by DGGE using the functional genes dsrB and aprA as 
molecular targets. The dsrB sequences were amplified from all samples. Three samples (one 
mangabey and two baboons) did not amplify with the aprA-specific primers and were therefore 
excluded from subsequent analyses of aprA-based DGGE profiles. The number of bands 
amplified from each individual ranged from 1 to 14 in the dsrB-based DGGE (Figure 2.1B) and 
2 to 10 in the aprA-based DGGE (Figure 2.1C). More complex banding patterns were observed 
for dsrB-based DGGE than for the aprA-based DGGE. In the dsrB-based DGGE, a significantly 
greater number of bands was detected in mangabeys (10.7 ± 2.8) than in baboons (7.3 ± 3.5; p < 
0.05). However, the number of bands detected in aprA-based DGGE was similar between species 
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(mangabeys: 4.4 ± 2.4, baboons: 4.5 ± 2.4; p > 0.05). The PCA results showed species-specific 
grouping of the dsrB-based DGGE profiles (Figure 2.2B) but not the aprA-based DGGE profiles 
(Figure 2.2C). The PC-1 scores from the dsrB-based DGGE were significantly different (p < 
0.001) between the two primate species. The results indicate that each primate species possesses 
specific SRB community patterns, which can be detected by analyzing the dsrB- but not the 
aprA-based DGGE analysis. Comparison of intraspecies DGGE similarity indices based on the 
dsrB (mangabeys; 65 ± 9, baboons; 58 ± 23) and the aprA (mangabeys; 43 ± 23, baboons; 36 ± 
23) indicated that mangabeys tend to harbor a more uniform SRB community than baboons, 
although the differences were not statistically significant 
Diversity analysis of SRB by DGGE of Desulfovibrionales-enriched 16S V3 rD%A 
The diversity of Desulfovibrionales was analyzed by DGGE to evaluate the extent to which 
this group of bacteria confers the observed diversity of SRB in these non-human primates. 
Desulfovibrionales was chosen as a target group since Desulfovibrio spp. is the dominant SRB 
genus identified in human large intestine (95). The community diversity of Desulfovibrionales-
related SRB was analyzed by DGGE using the two-step nested amplification with 
Desulfovibrionales group-specific primers and Bacteria universal 16S V3 primers. 
Desulfovibrionales group-specific 16S rDNA fragments were amplified from all samples by the 
first-round amplification, and these PCR products were used subsequently as the template to 
produce GC-clamped DNA fragments suitable for DGGE using Bacteria universal 16S V3 
primers. The DGGE results showed high diversity within this group, producing 7 to 23 distinct 
bands per individual (Figure 2.1D). A significantly greater number of bands was detected in 
mangabeys (16.2 ± 3.5) than in baboons (12.0 ± 2.9; p < 0.01). The PCA plot demonstrates 
species-specific grouping of the banding patterns (Figure 2.2D), and the PC-1 scores of the two 
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species were significantly different (p < 0.001). The results indicate that the two host primate 
species possess distinct community patterns of Desulfovibrionales-related SRB. Comparison of 
intraspecies DGGE similarity indices indicated that mangabeys (Cs = 63 ± 8) also harbor a 
significantly more uniform Desulfovibrionales-related SRB community than baboons (Cs = 44 ± 
11; p < 0.01). 
Quantification of mcrA and dsrA by real-time PCR  
The abundance of methanogens and SRB was estimated by quantitative real-time PCR 
(qPCR) targeting the functional genes mcrA and dsrA. The copy numbers of mcrA and dsrA 
genes in the primate rectal samples ranged from 1.7 – 2.6 and 1.0 – 3.1 log copies/10 ng DNA, 
respectively. There was no difference in the abundance of mcrA and dsrA between the two 
species (Table 2.2). The relative abundance of mcrA and dsrA, expressed by the difference 
between log gene copy numbers of dsrA and mcrA, indicates that neither of the genes is 
dominant (Table 2.2). Individual variation in the abundance of these genes were greater in 
baboons than in mangabeys.  
Dissociation curve analysis for the qPCR of mcrA generated multiple peaks when some of the 
primate rectal DNA was used as a template. To confirm the specificity of analysis, a total of 21 
mcrA sequence clones were generated from PCR amplicon of three primate rectal DNA samples, 
and each clone was analyzed by qPCR and subsequent dissociation curve analysis. Six clones 
that showed variable dissociation peaks ranging from 79 to 86°C were subjected to sequencing. 
Each of the six clones was most closely related (91-96%) to the mcrA sequences of uncultured 
Archaea in the NCBI database, verifying the specificity of the qPCR analysis. 
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IV. Discussion 
Current knowledge of the distribution of methane producers and non-producers among non-
human primate species has been based on the observation of fecal methane emission. We have 
characterized methanogen and SRB populations in two common non-human primate model 
species using the molecular methods of PCR-DGGE and qPCR for the first time. The PCR-
DGGE results indicate that mangabeys and baboons possess different Archaea and SRB 
community patterns. Cloning and sequencing of the Archaea DGGE bands revealed that the 
archaeal species in these primate species are related to Methanobrevibacter and a putative new 
phylogenetic order of Archaea. The PCR-DGGE based on the dsrB and Desulfovibrionales 16S 
rRNA genes seemed suitable for the detection of SRB community variation in these non-human 
primate species. The results further indicate that both baboons and mangabeys possess a high 
diversity of SRB related to the Desulfovibrionales order, which is reported as the most 
predominant SRB group in human large intestine (95). The qPCR results indicated no apparent 
dominance of methanogens or SRB in these primate rectal samples.  
Phylogenetic analyses of the cloned bands of Archaea DGGE revealed that a diverse 
population of methanogens exist in the intestinal microbiota of these primate species. The 
majority of cloned sequences formed a cluster distinct from common intestinal methanogen 
species, which included some previously published uncultured archaeal clone sequences isolated 
from ruminal samples of sheep (194, 194, 298, 299) and cattle (258), pig manure storage pit 
(241), and wine anaerobic digester (97). It has been suggested that this new phylogenetic group 
may represent a new archaeal order (299). Members of this archaeal group have been also 
recovered as one of the predominant Archaea from TTGE analysis of sheep and cattle ruminal 
samples (189). Thus, the members of this novel archaeal group appear to be common in the 
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rumen ecosystem. Our study is the first to demonstrate that the members of this novel group exist 
in the primate intestinal tract. The DGGE bands corresponding to this group were well 
represented in all primate samples, indicating that the members of this group, as well as 
Methanobrevibacter spp., are predominant Archaea in the primate intestinal tract. 
Both dsr and apr genes are commonly used as functional marker genes in the molecular 
analyses of SRB. It has been shown that a similar topology is conserved between the 
phylogenetic trees of the SRB 16S rRNA and dsr (124, 280, 310) or apr (85) genes, supporting 
the use of these genes as alternative phylogenetic tools to analyze the diversity of SRB 
communities. In this study, the PCR-DGGE based on dsrB and the Desulfovibrionales-related 
16S V3 rRNA gene proved to be more suitable for the detection of SRB community variation 
between these two non-human primate species than did the aprA gene. Comparison of dsr- and 
apr-based SRB phylogenies also indicates some incongruence in the tree topology, which likely 
reflects different occurrences of lateral transfer events of these genes (85, 168). Indeed, there are 
some microbial species that can reduce sulfite but not sulfate, and the presence of such species 
may result in the inconsistent outcome from the dsr- and apr-based molecular analyses. 
Alternatively, our results may simply reflect potential differences in PCR amplification 
efficiency or specificity between the aprA and dsrB primers used. A recent study by Meyer and 
Kuever (167) provides support for the latter possibility. They reported that the aprA primer pair 
used in this study failed to amplify some SRB strains due to several mismatches at the 3′ ends of 
both primers. They also showed that this primer pair preferentially amplifies certain SRB species 
over the others, and thus may introduce bias in the mixed DNA template analysis. Their 
observation may explain our DGGE results showing lower SRB diversity estimated by the aprA-
based analysis. 
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The qPCR results indicated no apparent dominance of either methanogens or SRB in any of 
the animals analyzed. It has been previously reported that competition between methanogens and 
SRB results in one of the groups becoming dominant (90, 94, 95, 211). However, one recent 
molecular-based study concludes that competition between methanogens and SRB does not 
necessarily lead to the predominance of one group in the human fecal microbiota (247). The 
present qPCR data on non-human primate rectal microbiota agree with this observation. The 
improved sensitivity and accuracy of molecular-based techniques for the detection of 
methanogens and SRB allow the detection of these organisms, which may be undetectable by 
culture-based methods or by methane emission from breath or feces. Recently, Dar et al. (48) 
observed marked differences in the SRB populations present and in those that were metabolically 
active in sulfidogenic wastewater treatment reactors by comparing DNA-based and RNA-based 
DGGE for dsrB gene. Their observation indicates that future studies should focus not only on the 
density and diversity of populations but also the level of expression of key functional genes to 
identify metabolically active methanogens and SRB.  
Our study is the first to report the species-specific differences in hydrogen-consuming 
microbial diversity (methanogens and SRB) between two non-human primate species, baboons 
and mangabeys. Many Old World monkeys, including Papio baboons (Papio hamadryas), have 
been previously confirmed as methanogenic based on the fecal methane emission (101, 103). 
Mangabeys are likely to be methanogenic based on the general methanogenic characteristics of 
the primate species among Old World monkeys, although direct evidence from this particular 
species is lacking.  
Previous studies have concluded that the methanogenic characteristics of mammalian species 
are under phylogenetic rather than dietary control (103). On the other hand, a recent molecular-
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based microbiological study indicated that both host diet and phylogeny influence the intestinal 
microbial diversity in mammals (143). Mangabeys and baboons are evolutionally relatively 
close, both belonging to the subfamily Cercopithecinae of the family Cercopithecidae (Old 
World monkeys). They are both fruit-eating omnivores, although, in the wild, baboons are 
known to consume a greater variety of foodstuffs available in the environment. How host diet 
and phylogeny may contribute to the observed diversity of hydrogenotrophic microbiota between 
mangabeys and baboons is an intriguing topic for further research. Application of molecular-
based methods with a broad sampling of diverse primate species will also be an important 
strategy in future studies to gain further insight into genetic and dietary effects on the 
hydrogenotrophic microbiota of primates. Such information will enhance understanding of 
factors that control the hydrogenotrophic phenotype and associated colonic diseases in humans.  
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TABLE 2.2. Abundance of mcrA and dsrA in mangabeys and baboons (log copy numbers per 10 
ng DNA). 
  Mangabey (n = 10) Baboon (n = 10) 
mcrA 2.2 ± 0.2 (2.0 - 2.5) 2.1 ± 0.3 (1.7 - 2.6) 
dsrA 2.3 ± 0.2 (1.9 - 2.7) 2.0 ± 0.8 (1.0 - 3.1) 
dsrA - mcrA 0.1 ± 0.2 (-0.2 - 0.5) -0.1 ± 0.7 (-1.1 - 1.3) 
Mean ± s.d. (range) 
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Figure 2.1. DGGE profiles of (A) Archaea 16S V3 rDNA, (B) dsrB, (C) aprA, and (D) 
Desulfovibrionales 16S V3 rDNA of mangabeys (MM: male, MF: female) and baboons (BM: 
male, BF: female). Numbers in each lane indicate different animals. L represents ladder. Bands 1 
- 12 on the Archaea 16S V3 rDNA DGGE gel (A; circled) were excised for sequence 
identification. 
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Figure 2.2. Scatter plot of the PCA results from DGGE profiles of (A) Archaea 16S V3 rDNA, 
(B) dsrB, (C) aprA, and (D) Desulfovibrionales 16S V3 rDNA. The letters and numbers refer to 
the sample codes shown in Fig. 1. The numbers on each axis represent the percent of total 
variance explained by the principal components 1 and 2. 
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Figure. 2.3. Neighbor-joining tree showing phylogenetic relationship of DGGE-derived archaeal 
16S rDNA sequences. Sequences from this study are represented with DGGE band number 
(Fig.1A) and a clone ID (alphabet). The primate species from which the clone was obtained is 
shown in the parenthesis (M; mangabey, B; baboon). The bootstrap values on nodes are % 
confidence levels from 1000 replications of resampling the alignments. Bootstrap values greater 
than 50% are shown. 
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CHAPTER 3 
A%ALYSIS OF HYDROGE%OTROPHIC MICROBIOTA OF HUMA% A%D %O%-
HUMA% HOMI%OIDS 
 
I. Introduction 
One important feature of hominoid evolution is the development of a larger-than-expected 
brain in relation to its body size. Since the mass-specific metabolic rate of the brain is much 
higher than the that of the whole body, evolution of large brain size in the hominoids came at a 
high metabolic cost. One of the more intriguing questions is how encephalized primates can 
afford such large brains without correspondingly high basal metabolic rates. The expensive 
tissue hypothesis suggests that the metabolic requirements of a relatively large brain are offset by 
a corresponding reduction of the gut (4). Since the gut is similar to the brain in having high 
energy demands (so-called expensive tissues), the reduction in the gut size is thought to provide 
the necessary energy savings required to support elevated brain metabolism. It is suggested that a 
shift to new, higher-quality diets was the main factor that contributed to greater energy harvest 
from food and the reduction of gut size (4). Intestinal microbes and their metabolic functions 
exert considerable influence on host energy balance (60, 263), and therefore may have also 
played a role in the evolution of encephalized primates. However, the possibilities of 
involvement of intestinal microbes in primate evolution has not been examined in detail.  
Recent findings with animal models and human studies indicate a contribution of 
methanogenic Archaea for increased capacity for host energy harvest (230, 270, 305). The 
symbiosis of animals and intestinal methanogens has been observed in a wide range of animal 
species, and is suggested to be under evolutionary rather than dietary control (101-103). Human 
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methanogenic microbiota is dominated by Methanobrevibacter smithii (2, 71, 173, 234, 284, 
305), which is so far detected only from human microbiota. This is in contrast to the remarkable 
bacterial phylotype diversity in the human microbiota (57). How the human methanogenic 
microbiota has been shaped through evolutionary processes is an intriguing topic for further 
research. Such evolutionary processes may be inferred from comparative analysis of intestinal 
methanogenic microbiota of hominoids, which share a common ancestry (Figure 3.1)(239) and 
have the same basic gut form as humans (175). 
In nonhuman primates, most Old World monkeys are methane producers, whereas a number 
of New World monkeys are non-methanogenic (101). A recent comparative study of two Old 
World primate species, baboons and mangabeys, revealed clear host species-specificity in fecal 
hydrogenotrophic microbial communities (184). However, limited information is available for 
the methanogenic microbial composition and activities in non-human hominoid species.  
Here we analyze the methanogenic microbiota of hominoids; humans (Homo sapiens), 
chimpanzees (Pan troglodytes), gorillas (Gorilla gorilla gorilla), orangutan (Pongo pygmaeus), 
and four species of gibbons (Hylobates spp., *omascus leucogenys). To test the reproducibility 
of host species-associated microbiota, we present data from multiple individuals sampled at two 
institutions where possible. Methanogenic microbiota were evaluated by PCR-DGGE 
fingerprinting, small clone library construction, and quantitative real-time PCR. Functionality of 
methanogens was determined by detection of methane from in vitro incubation of fresh feces. 
(103) 
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II. Materials and Methods 
Sample collection and D%A extraction  
Non-human primate fecal samples used in this study were collected at Omaha Henry Doorly 
Zoo (Omaha, NE) and Lincoln Park Zoo (LPZ; Chicago, IL; Table 3.1). The animals were fed 
diets consisting of combinations of commercially manufactured monkey chow (Mazuri® Primate 
Browse Biscuit, Mazuri® Leaf-Eater Primate Diet, Mazuri® Primate Maintenance Biscuit, 
Mazuri® Primate Growth & Repro Biscuit, Monkey Diet #5038, High Protein Monkey Diet 
#5045, Purina Mills, St. Louis, MO; Marion Leaf Eater Food, Marion Zoological, Plymouth, 
MN) and readily available fresh produce. Nutrient data of monkey chows fed to each species are 
shown in Table 3.2. Fresh fecal materials were collected during physical examination (Omaha) 
or from their habitat (LPZ). Samples were frozen immediately after collection and stored at -
80°C. The human fecal samples were collected from healthy individuals visiting at Carle 
Foundation Hospital (Urbana, IL) for examination. The Institutional Review Boards of the 
University of Illinois
 
at Urbana-Champaign and the Carle Foundation Hospital approved
 
this 
study. DNA was extracted from the feces by using QIAamp DNA Stool Mini Kit (QIAGEN, 
Valencia, CA) as per manufacturer’s instructions. DNA concentration was determined using the 
Nanodrop spectrophotometer.  
PCR-denaturing gradient gel electrophoresis (DGGE)  
Archaea 16S V3 rDNA sequences were amplified using primers 344F (220) (modified by 
(184)) and 519R (6), with 40 cycles of PCR and an annealing temperature of 56°C. A touch-
down PCR protocol was used with a starting temperature of 61°C, which was lowered in the first 
10 cycles of amplification at a rate of 0.5°C/cycle. PCR products (5-10 µl) were loaded in a 8% 
[w/v] polyacrylamide gel of 35% to 60% linear DNA-denaturing gradient (The 100% [w/v] 
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denaturant solution contains 7 M urea and 40% [w/v] formamide), and DGGE was performed 
using the BioRad D-code system (BioRad, Los Angeles, CA). Gels were run in 60°C 1× TAE 
buffer at 150 V for 2 hours and then at 200 V for 1 hour. Following electrophoresis, gels were 
silver-stained and scanned using a GS-710 calibrated imaging densitometer (BioRad). Images 
were analyzed using Diversity Database software (BioRad). Each band on the gel was identified 
regardless of the band intensity. DGGE bands of interest were excised from the gel using a 
sterile pipette tip and incubated in water overnight to facilitate diffusion of DNA out of the gel. 
The solution was used for re-amplification with the same primer pair (without GC clamp) and 
the cycling protocol originally used in DGGE. 
Amplification, cloning, restriction fragment length polymorphism (RFLP) analysis and 
sequencing of Archaea 16S rR%A and mcrA genes  
Target genes were amplified using Archaea 16S rDNA primers SDArch0333aS15 and 
SDArch1378aA20 (133) or mcrA primers MM_01 and MM_02 (169), with 35  cycles of PCR 
and an annealing temperature of 58°C (16S rDNA) or 56°C (mcrA). The PCR products were 
analyzed on 2% agarose gels and cloned in One Shot Competent E. coli using the TOPO TA 
cloning kit (Invitrogen, Carlsbad, CA). Clones were grown overnight on Luria-Bertani (LB) agar 
containing ampicillin. White colonies of ampicillin-resistant transformants were picked and 
suspended in 100 µl of sterile water and amplified by M13 primers. PCR products (5 µl) were 
checked for correct size insert on 2% agarose gels and digested by 10 U restriction enzymes 
(HaeIII and MspI for 16S rDNA, or AluI, CviQI, and MseI for mcrA sequences). RFLP patterns 
for each enzyme were analyzed on 3.5% agarose gel and visualized by ethidium bromide 
staining. Clones showing characteristic restriction patterns were sequenced using an automated 
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sequencing system (Applied Biosystems) at the W. M. Keck Center for Comparative and 
Functional Genomics (University of Illinois Biotechnology Center, Urbana, IL).  
Phylogenetic analysis  
Sequences were analyzed using the BLASTn program to search for similar nucleotide 
sequences in Greengenes database (56). Phylogenetic analysis was performed using MEGA 
version 4 (260). A phylogenetic tree was constructed using the neighbor-joining method (229).  
Real-time quantitative PCR  
The mcrA and universal bacterial 16S rRNA gene sequences were amplified using the primers 
qmcrA-F and qmcrA-R (53) and 341F and 534R (182), respectively. Assays were performed 
using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, 
CA). The 10 µl reaction mixture contained 10 ng template DNA, 250 nM (dsrA) or 500 nM 
(mcrA) of each primer, and 1 µl of BSA (0.01 mg/ml; New England Biolabs). SYBR Green PCR 
Master Mix (2×; Applied Biosystems) was used for the detection of target sequences. PCR 
cycles consisted of one cycle of 50°C for 2 min and 95°C for 2 min, and 40 cycles of 95°C for 15 
s and 60°C for 1 min. The measurements were done in triplicate. Specificity of amplification was 
confirmed by dissociation curve analysis of qPCR end products by increasing the temperature at 
a rate of 1°C /30 s from 60 to 90°C. Standard curves were generated from 1 to 10
6
 cloned 
plasmids, which contain the target sequence amplified from the primate fecal samples. Detection 
limits of both mcrA and 16S rRNA genes were 100 copies. The copy number of mcrA was 
normalized by calculating the percentage of mcrA to 16S rDNA. 
Fecal methane emission  
Fresh composite feces were collected from each animal enclosure at LPZ. One gram of feces 
was suspended in 9 ml of modified Balch medium and incubated with a headspace gas (H2:CO2 
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= 80:20, 2 atm) at 37°C with agitation. Samples were duplicated for each of the gorilla and 
chimpanzee groups and the gibbons. Concentrations of H2 and methane in the headspace were 
analyzed by gas chromatography after 24 hours of incubation. To estimate the methane 
production rate, the fecal culture headspace was re-filled (1 atm) with the H2/CO2 gas and 
incubated under the same condition. Headspace gas was analyzed for H2 and methane every 2 
hours. Medium composition and details of gas analysis method are described in the Materials 
and Methods section of the Chapter 5. 
Statistical analysis  
Shapiro-Wilks normality and Kruskal-Wallis tests were performed by Systat 11 (Systat, 
Chicago, IL). 
 
III. Results 
Diversity analysis of Archaea 16S rD%A by DGGE  
The DGGE banding patterns are shown in Figure 3.2. Several dominant bands are commonly 
detected in different host species. Cluster analysis produced some small groupings consisting of 
same host species at the same location (Figure 3.3). However, overall, no clear species- or 
location-specific clusters were formed. DGGE bands (1-38; Figure 3.2) were excised from the 
gel, reamplified and sequenced. A phylogenetic tree was constructed by neighbor-joining 
methods to analyze the relatedness of amplified sequences to other methanogen sequences in the 
database (Figure 3.4). The majority of sequences grouped with either Methanobrevibacter or the 
putative novel archaeal order (299) represented by uncultured members commonly found in the 
rumen or animal intestinal tract. Taxonomic composition of Archaea in each host species 
estimated by DGGE banding pattern is summarized in Table 3.2. 
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Sequence analysis of Archaea 16S rR%A and mcrA gene libraries  
The DGGE banding patterns of some of the gorilla samples collected at Omaha appeared 
highly similar to those of humans (Figure 3.2B). To confirm the taxonomic identification of 
Archaea in these gorilla samples, clone libraries of Archaea 16S rDNA and mcrA gene sequences 
were constructed from pooled Omaha gorilla DNA samples. A total of 57 (16S rDNA) and 79 
(mcrA) clones were randomly selected and screened by RFLP analysis (Table 3.2). The analysis 
resulted in 14 (16S rDNA) and 8 (mcrA) unique RFLP patterns. One to three clones from each 
unique RFLP pattern were subjected to sequencing, which resulted in a total of 9 (16S rDNA) 
and 11 (mcrA) unique sequences. These sequences were compared with sequences in databases 
by constructing a neighbor-joining tree (Figure 3.5, 3.6). The phylogenetic distribution of gorilla 
samples agreed with the results obtained from partial Archaea 16S rDNA sequence from DGGE 
gel (Figure 3.5). The majority of the Archaea 16S rDNA clone sequences (1032 bp) clustered 
with M. smithii, showing 99-100% sequence identity to the M. smithii 16S rDNA sequence. A 
group of mcrA clones (482 bp) also showed high similarity (98%) to the M. smithii mcrA 
sequence (Figure 3.6). Most of other clones of both 16S rDNA and mcrA clustered with the 
putative new order of Archaea (299). Taxonomy of all other clones were determined according 
to the taxonomic identity of sequenced clones sharing the same RFLP pattern. The majority of 
the 16S rDNA (89%) and mcrA (94%) clones were closely related to M. smithii and the putative 
new order, respectively (Table 3.3).  
Quantitative real-time PCR  
The percentage of mcrA genes to bacterial 16S rDNA was lower than 0.25% in all samples, 
agreeing with the common observation that methanogens are the minor component of intestinal 
microbiota (Figure 3.7). Kruskal-Wallis test indicated significant effects of host species (p = 
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0.002) and location (LPZ vs. Omaha; p = 0.02) on the percentage of mcrA genes to bacterial 16S 
rDNA. 
Fecal methane emission  
All gorilla and chimpanzee feces actively consumed H2 and produced significant amounts of 
methane over the 24 hours of incubation. Incubation of gibbon feces resulted in very little change 
in the headspace gas composition for the first 24 hours and three consecutive days of incubation. 
Hydrogen consumption and methane production rates of gorilla and chimpanzee samples are 
shown in Figure 3.8. The methane production rates for the first 4 hours of incubation are 36.9 
µmol/g/h for both gorilla groups, 51.9 µmol/g/h for chimpanzee group 1, and 44.4 µmol/g/h for 
chimpanzee group 2. 
 
IV. Discussion 
A critical limitation of this study is that all fecal samples were collected from captive animals 
at zoos. As shown in the Chapter 4, captivity has remarkable influence on the composition of 
hydrogenotrophic microbiota. Thus, future studies should involve sampling from wild 
populations, and results from captive primates should be viewed with caution. 
Our DGGE data showed no clear host species-specific patterns on the Archaea composition. 
The DGGE profiles appeared relatively similar to each other, especially among primates at LPZ 
(Figure 3.2A). The DGGE profiles of Omaha primates indicated that gorillas had simple Archaea 
microbiota that is highly similar to humans, whereas orangutans and gibbons appeared to have 
more diverse microbiota (Figure 3.2B).  
Interestingly, all hominoid species analyzed in this study had M. smithii in their microbiota. 
M. smithii has been known to specifically colonize the microbiota of humans and not of other 
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animals. Although M. smithii-like organisms were identified in other animals in the past, the 16S 
rDNA similarities were lower than 98% cut-off proposed by Boone et al (23). The 1032 bp of 
Archaea 16S rDNA sequence obtained from non-human hominoids in this study was 100% 
identical to M. smithii, showing the detection of this species in non-human animal microbiota for 
the first time. It is not clear from this study whether the presence of M. smithii is the common 
characteristic of hominoid species, or reflects environmental or dietary effects on the microbiota 
of non-human primates under captivity.  
The putative new order of Archaea also appeared to be dominant in some of these primate 
species including humans. This archaeal order is represented by uncultured species and has been 
found in intestinal microbiota of various host species. Until recently, diversity of human 
intestinal methanogens had been considered to be limited to two species, M. smithii and M. 
stadtmanae. However, recent molecular-based studies indicate that the diversity of human 
methanogens might have been underestimated. By analyzing mcrA sequences from six human 
subjects, Mihajlovski et al (169) suggested an uncultured methanogen Mx-01 to be a permanent 
resident of the microbiota of one of the subjects.  Amplification of Archaeal 16S rDNA sequence 
from this subject resulted in the recovery of a unique sequence (M06-B01-033; EU662200), 
which did not cluster with any described methanogenic lineages. Scanlan et al. (234) detected 
mcrA sequence from human feces that was 100% identical to that of Mx-01, confirming the 
presence of this type of methanogen in the human colon. Our phylogenetic analysis indicated 
that both Mx-01 (mcrA) and M06-B01-033 (16S rDNA) sequences were classified within the 
putative new archaeal group as well (Figure 3.5, 3.6). These observations indicate that the 
members of this putative new group are common inhabitants in the human microbiota. 
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Methane emission experiments revealed strong methanogenesis by feces of gorillas and 
chimpanzees, but not of gibbons. These results agree with qPCR data showing low mcrA 
abundance in gibbons. The methane emission rates of gorillas and chimpanzees were more than 
20 times greater than the highest reported value observed in non-human primates (douroucouli; 
1.3 µmol/g/h) (103). The values obtained in this study likely reflect enrichment of methanogens 
by 24-hour pre-incubation under high pressure of H2. 
There are limited data available for the intestinal methanogen populations of non-human 
hominoids. Kisidayova et al (122) performed DGGE analysis of Archaea in the feces of captive 
chimpanzees fed low- or high-fiber diets. The DGGE fingerprints of these animals were 
consisted of up to 10 bands, and a clear shift of banding pattern was observed between the two 
diet types. Our phylogenetic analysis indicates that one of the predominant Archaea sequences 
(EU477161) obtained from their DGGE gel was closely related to M. smithii (Figure 3.4). This 
sequence was enriched by the consumption of high-fiber diet (26% neutral detergent fiber; NDF 
and 15% cellulose) versus low-fiber diet (14% NDF and 5% cellulose). Digestion and passage 
kinetics of dietary fiber was shown to be similar between chimpanzees and humans (176). 
Interestingly, in vitro fecal hydrogen and methane production was lower in chimpanzees fed with 
high-fiber diet than those fed with low-fiber diet, indicating the presence of hydrogenotrophic 
pathway other than methanogenesis, such as reductive acetogenesis. They also suggested that 
captive chimpanzees may have lower potential for fermentation of substrates with higher 
contents of cellulose. 
The natural diets of all great apes are composed almost exclusively of plant matter and thus 
contain a high proportion of dietary fiber (175). According to a review by Milton (175), gibbons 
feed on fruit supplemented by leaves and 1-15% animal matter, mostly insects. Gorillas and 
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orangutans take 99% of their diet from leaves and fruit. Chimpanzees take 94% of the diet made 
up largely of ripe fruits, and only a small portion of insects and vertebrate prey. Typical zoo diets 
usually provide much less fiber than the natural diet in the wild. Monkey chow consumed by 
captive animals contain very low dietary fiber due to difficulties with present extruding 
technology. Fruits and vegetables fed routinely to captive animals may be considerably high in 
water, lower in fiber and more readily digestible than the natural diet. The NDF values of 
common produce items ranges between 120 and 170 g/kg compared with those of the fruits 
consumed by gorillas in the wild which ranged between 550 and 710 g/kg, on a DM basis (43). 
In our study, diets consumed by captive gorillas at Omaha Zoo contained <12% NDF and <10% 
ADF, whereas those consumed in the wild may contain up to 60% NDF and 50% acid detergent 
fiber (ADF) (221).  
Recently, Ley et al. (143) conducted a network-based analysis of bacterial 16S ribosomal 
rDNA sequences from the fecal microbiota of humans and 59 other mammalian species 
including 17 nonhuman primates living in the zoos and in the wild, and concluded that both host 
diet and phylogeny influence bacterial diversity. Their analyses indicated that the fecal 
microbiota of some host species remain similar regardless of sampling location (zoo vs. wild or 
between different zoos). However, some other species (e.g. Western lowland gorillas) at different 
locations did not cluster together, indicating that diet and/or environmental exposures influence 
the microbiota in addition to host phylogeny. Our study also revealed inconsistent clustering 
patterns of fecal microbiota of the same host species. Since it is difficult to sort out the 
multifactorial interactions among host phylogeny, environment, and diet, it would be critically 
important to sample wild populations for evaluation of evolutionary influence on the microbiota.  
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Table 3.1. Non-human primate samples collected from Omaha and LPZ. 
Institution
DGGE 
No Common name Scientific Name
Individual 
name Sex
Age 
(years) Note
Omaha 1 Agile gibbon Hylobates agilis 4 months
Omaha 2 White-handed gibbon Hylobates lar M 5
Omaha 3 Grey gibbon Hylobates muelleri muelleri Freddie M 20
Omaha 1 Orangutan Pongo pygmaeus pygmaeus M 2
Omaha 2 Orangutan Pongo pygmaeus pygmaeus Amoi F 6
Omaha 1 Western lowland gorilla Gorilla gorilla gorilla Tatu M 11
Omaha 2 Western lowland gorilla Gorilla gorilla gorilla Timmy M 12
Omaha 3 Western lowland gorilla Gorilla gorilla gorilla Ktembe M 12
Omaha 4 Western lowland gorilla Gorilla gorilla gorilla Timu F 13
Omaha 5 Western lowland gorilla Gorilla gorilla gorilla Kijito M 14
Omaha 6 Western lowland gorilla Gorilla gorilla gorilla Tambo M 15
Omaha 7,8 Western lowland gorilla Gorilla gorilla gorilla Ngoma M 15
Omaha 9 Western lowland gorilla Gorilla gorilla gorilla Moe M 26
LPZ 1 Chimpanzee Pan troglodytes Keo M 51 enalapril
LPZ 2 Chimpanzee Pan troglodytes Vicky F 45 enalapril
LPZ 3 Chimpanzee Pan troglodytes June F 44 enalapril, albuterol, 
cosequin, furosemide, 
pottasium, pediatric 
aspirin, isordil
LPZ 4 Chimpanzee Pan troglodytes Kibali F 29 oral contraceptives
LPZ 5 Chimpanzee Pan troglodytes Cashew F 25 pyrantel pamoate, oral 
contraceptives
LPZ 6 Chimpanzee Pan troglodytes Nana F 16 pyrantel pamoate, oral 
contraceptives, flax seed 
oil
LPZ 7 Chimpanzee Pan troglodytes Chuckie F 10 pyrantel pamoate, oral 
contraceptives
LPZ 8 Western lowland gorilla Gorilla gorilla gorilla Kwan M 21 citrucel
LPZ 9 Western lowland gorilla Gorilla gorilla gorilla Amare M 4
LPZ 10 Western lowland gorilla Gorilla gorilla gorilla Kowali F 32 oral contraceptives
LPZ 11 Western lowland gorilla Gorilla gorilla gorilla Rollie F 13 citrucel, oral 
contraceptives
LPZ 12 Western lowland gorilla Gorilla gorilla gorilla JoJo M 29 albuterol
LPZ 13 Western lowland gorilla Gorilla gorilla gorilla Azizi M 6
LPZ 14 Western lowland gorilla Gorilla gorilla gorilla Makari F 22 oral contraceptives
LPZ 15 Western lowland gorilla Gorilla gorilla gorilla Bahati F 19 oral contraceptives
LPZ 16 Western lowland gorilla Gorilla gorilla gorilla Tabibu F 17 citrucel, fish oil, oral 
contraceptives
LPZ 17 Western lowland gorilla Gorilla gorilla gorilla Susie F 5 fish oil, oral 
contraceptives
LPZ 18 White-cheeked gibbon *omascus leucogenys Caruso M 20 metronidazole, fish oil
LPZ 19 White-cheeked gibbon *omascus leucogenys Sovann M 5
LPZ 20 White-cheeked gibbon *omascus leucogenys Burma F 21 oral contraceptives
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Table 3.4. RFLP analysis and phylogenetic assignment of Archaea 16S rDNA and mcrA clones 
  16S rDNA mcrA 
No. of clones 57 79 
No. of unique RFLP patterns 14 8 
No. of unique sequences 9 11 
M. smithii 51 (89%) 5 (6%) 
M. ruminantium 1 (2%) 0 
Putative new order 5 (9%) 74 (94%) 
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Figure 3.1. Phylogeny of hominoids and Old World monkeys. Applied from Sibley and Ahlquist 
(239). MYA; million years ago. Delta T50H refers to the difference between temperature at which 
DNA homoduplexes and DNA heteroduplexes undergo 50% dissociation, which is used to 
measure the genetic relationship between the nucleotide sequences of two or more species. 
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Figure 3.2. Archaea 16S rDNA-specific DGGE profiles of hominoids at LPZ (A) and Omaha 
(B).  Groups 1 and 2 of LPZ samples indicate groups of animals sharing the same habitat. 
Numbrs on the gel indicate the bands excised for sequencing. 
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Figure 3.2 (cont.) 
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Figure 3.3. Dendrogram (UPGMA tree) of Archaea 16S rDNA-specific DGGE profiles 
generated by using Ward’s algorithm. Samples are clustered by the degree of similarity (0.00 to 
1.00) to visualize community relatedness. 
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Figure 3.4. Neighbor-joining tree showing phylogenetic relationship of partial Archaea 16S 
rDNA sequences obtained from DGGE gel. Methanopyrus kandleri was used as the outgroup. 
Sequences from this study are represented with band numbers shown in Fig 2 (1-38). EU 
numbers are the sequences obtained from DGGE analysis of chimpanzees by. The bootstrap 
values on nodes are % confidence levels from 1000 replications of resampling the alignments. 
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Figure 3.5. Neighbor-joining tree showing phylogenetic relationship of Archaea 16S rDNA 
clones. Methanopyrus kandleri was used as the outgroup. The bootstrap values on nodes are % 
confidence levels from 1000 replications of resampling the alignments. 
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Figure 3.6. Neighbor-joining tree showing phylogenetic relationship of mcrA clones. 
Methanopyrus kandleri was used as the outgroup. The bootstrap values on nodes are % 
confidence levels from 1000 replications of resampling the alignments. 
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Figure 3.7. Abundance of mcrA gene copy number shown as a percentage to total Bacteria. 
Different symbols indicate different sampling locations (triangle: LPZ, cross: Omaha, circle: 
human samples) 
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Figure 3.8. Hydrogen consumption (A) and methane production (B) rates (µmol/hour) of gorilla 
and chimpanzee fecal samples (mean of duplicate samples). G1: gorilla group 2, G2: gorilla 
group 2, C1: chimpanzee group 1, C2: chimpanzee group 2 
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CHAPTER 4 
A%ALYSIS OF HYDROGE%OTROPHIC MICROBIOTA OF WILD A%D CAPTIVE 
BLACK HOWLER MO%KEYS 
 
I. Introduction 
Howler monkeys (Alouatta) are regarded as the most folivorous New World primates (73). 
Their diet consists primarily of leaves, with opportunistic consumption of fruits. Seasonal 
variation in diet is observed depending on the availability of fruits, with consumption varying 
from 86% leaves to 67% fruits as reported in the black howler monkeys (A. pigra) in southern 
Belize (199). In response to the high fiber and low available energy content of leaves, microbial 
fermentation of plant structural carbohydrates becomes an important feature in howlers. Despite 
their high dependency on fermentation of plant materials, howlers’ gastrointestinal tract lacks 
extensive enlargement or sacculation characteristics often seen in other folivorous primates. 
(178). Their heavy reliance on leaves and fermentative digestion is often assumed to be 
associated with their inactive lifestyle in which they spend as much as 80% of the day resting 
(75). Bacterial fermentation of dietary fibers results in the production of short-chain fatty acids 
(SCFA), H2, CO2, and a variety of other products. SCFA can be absorbed by the host and may 
make an important contribution to its energy budget. It has been suggested that howlers are 
highly dependent on SCFA to meet their daily energy requirement (>30%) (177).  
Intestinal methanogenesis is one of the major pathways of consumption of H2 produced by 
bacterial fermentation, and is considered to affect the efficiency of host energy harvest (230, 270, 
305). It was reported that one captive black howler monkey (Alouatta caraya) was a methane 
producer (101); however, no further information is available regarding the hydrogenotrophic 
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pathways of howlers. In this study, we analyzed the composition of methanogens and SRB in the 
black howler monkeys (A. pigra) in the wild and in captivity. Hydogenotrophic microbiota were 
evaluated by PCR-DGGE fingerprinting, small clone library construction, and quantitative real-
time PCR.  
 
II. Materials and Methods 
Samples 
The feces used in this study were collected by Katherine Amato at Palenque National Park, 
Mexico, as part of a larger research project on feeding ecology and gut microbes. The study 
included two wild groups of black howler monkeys (A. pigra) inhabitating an area of continuous 
forest within the park (Motiepa, Balam) and a group of captive animals at a nearby rehabilitation 
center (AcaJungla). Feces from wild animals were collected over a period of eight weeks (May-
July, 2009). Feces were collected immediately after defecation and stored in 96% ethanol at 4 
°C.  
D%A extraction and PCR amplification 
Fecal DNA was extracted by using the UltraClean™ Soil DNA Isolation Kit (MO BIO 
Laboratories, Carlsbad, CA) by Katherine Amato. PCR amplifications for Archaea 16S V3 
rDNA and Desulfovibrionales 16S V3 rDNA were performed following the protocols described 
in Nakamura et al (184).  
PCR-denaturing gradient gel electrophoresis (DGGE) 
PCR products (1.25 µl) were loaded in a 8% [w/v] polyacrylamide gel of 35% to 60% linear 
DNA-denaturing gradient (The 100% [w/v] denaturant solution contains 7 M urea and 40% 
[w/v] formamide), and DGGE was performed using the BioRad D-code system (BioRad, Los 
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Angeles, CA). A detailed protocol is included in Nakamura et al (184).  Bands of interest were 
excised from the gel using a sterile pipette tip and incubated in water overnight to facilitate 
diffusion of DNA out of the gel. The solution was used for re-amplification with the 
corresponding primer pair (without GC clamp) and the cycling protocol originally used in 
DGGE. 
Cloning and sequencing of Archaea 16S rD%A sequences 
Target genes were amplified using Archaea 16S rDNA primers SDArch0333aS15 and 
SDArch1378aA20 (133) with 35 cycles of PCR and an annealing temperature of 58°C. The PCR 
products were analyzed on 2% agarose gels and cloned in One Shot Competent E. coli using the 
TOPO TA cloning kit (Invitrogen, Carlsbad, CA). Clones were grown overnight on Luria-
Bertani (LB) agar containing ampicillin. White colonies of ampicillin-resistant transformants 
were picked and checked for correct size insert by EcoR1 digestion and electrophoresis on 2% 
agarose gel. Clones were sequenced using an automated sequencing system (Applied 
Biosystems) at the W. M. Keck Center for Comparative and Functional Genomics (University of 
Illinois Biotechnology Center, Urbana, IL). 
Phylogenetic analysis 
Sequences were analyzed using the BLASTn program to search for similar nucleotide 
sequences in Greengenes database (56). Phylogenetic analysis was performed using MEGA 
version 4 (260). A phylogenetic tree was constructed using the neighbor-joining method (229).  
Real-time quantitative PCR 
The mcrA and dsrA sequences were amplified using the primers qmcrA-F and qmcrA-R (53) 
and DSR1F+ and DSR-R (126), respectively. Results were normalized to total bacteria 
abundance estimated by using universal bacterial 16S rDNA primers 341F and 534R (182), as 
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described in Chapter 3. Assays were performed using the ABI PRISM 7900HT Sequence 
Detection System (Applied Biosystems, Foster City, CA). The 10 µl reaction mixture contained 
10 ng template DNA, 250 nM (dsrA) or 500 nM (mcrA) of each primer, and 1 µl of BSA (0.01 
mg/ml; New England Biolabs). SYBR Green PCR Master Mix (2×; Applied Biosystems) was 
used for the detection of target sequences. PCR cycles consisted of one cycle of 50°C for 2 min 
and 95°C for 2 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The measurements were 
done in triplicate. Specificity of amplification was confirmed by dissociation curve analysis of 
qPCR end products by increasing the temperature at a rate of 1°C/30 s from 60 to 90°C. Standard 
curves were generated from 1 to 10
6
 cloned plasmids, which contain the target sequence 
amplified from the primate rectal samples. Detection limits of both mcrA and dsrA were 100 
copies.  
Statistical analysis 
Shapiro-Wilks normality and Kruskal-Wallis tests were performed by Systat 11 (Systat, 
Chicago, IL). 
 
III. Results 
Diversity analysis of Desulfovibrionales 16S rD%A by DGGE 
The DGGE banding patterns were highly stable within individuals during the 8-week period 
(Figure 4.1). Therefore, only samples collected in May were used for subsequent analyses and 
comparisons among individuals or groups. The DGGE banding patterns were highly similar 
among the individuals of the two wild populations, whereas those of captive animals were less 
diverse and exhibited different banding patterns compared to the wild ones (Figure 4.2A).  
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Twenty-one DGGE bands (Bands 1-21; Figure 4.2A) were excised from the gel, reamplified 
and sequenced. The sequences were compared to those archived in the Greengenes database 
using BLAST search. Closest relatives and % identities for each band are shown in Table 4.1. 
Four of the bands were not analyzed due to their low sequence quality. Data revealed 
amplification of bacteria belonging to the family Lachnospiraceae due to high sequence 
similarity in the Desulfovibrionales-specific 16S rDNA primer binding site. Figure 4.2B shows 
taxonomic group assignment for major DGGE bands. There was clear difference in the 
composition of the family Lachnospiraceae between the wild and captive populations. Roseburia 
intestinalis and Lachnospira pectinoschiza were differentially enriched in the wild and captive 
populations, respectively. Overall diversity of Lachnospiraceae species was higher in the wild 
than the captive populations. Similarly, most wild animals showed two bands related to 
Desulfovibrio species, whereas only one of those was enriched in the captive animals. The 
banding pattern of AJ7 was distinct from those of any other wild or captive animal. The 
individual AJ7 was a young animal which developed diarrhea and died one month after the 
sample collection. Sequences of the two dominant bands characteristic to this sample were 
associated with Eubacteriaceae and D. piger.  
Diversity analysis of Archaea 16S rD%A by DGGE 
The DGGE banding patterns were highly similar within each wild and captive group, and 
distinct between groups (Figure 4.3). Most animals of the Balam population did not possess 
Archaea species that were detectable by this PCR-DGGE method. Three DGGE bands (A1-3; 
Figure 4.3) were excised from the gel, reamplified and sequenced. A phylogenetic tree was 
constructed to analyze the relatedness of amplified sequences to other methanogen sequences in 
the GenBank database (Figure 4.4). Band A2 was not included in the analysis due to its low 
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sequence quality. One of the sequences obtained from Motiepa population (A1) grouped with the 
putative novel archaeal order (299) represented by uncultured members commonly found in the 
rumen or animal intestinal tract. Sequence from the dominant band in captive population was 
highly similar to M. stadtmanae (99% bootstrapping support). 
Small clone library analysis 
To confirm the taxonomic identification of Archaea estimated by DGGE, small clone libraries 
of 1032 bp Archaea 16S rDNA sequence were constructed for each wild or captive groups. Ten 
clones were randomly selected from each group and checked for correct size insert, which 
showed that target Archaea 16S rDNA sequence was successfully cloned in all 10 clones 
originated from Motiepa, 8 clones from AcaJungla, and 2 from Balam sample. Results of a 
phylogenetic analysis of these sequences are shown in Figure 4.5. Nine of the 10 sequences from 
Motiepa formed a group clustering with the putative new archaeal order (299). Another cluster 
was formed within this archaeal group which consists of sequences from each of the wild and 
captive groups. Two sequences from the captive group were nearly identical (>99%) to M. 
smithii, and five others were closely related (97%) to M. stadtmanae.  
Quantitative real-time PCR 
The abundance of methanogens and SRB were estimated by quantitative real-time PCR 
(qPCR) targeting the functional genes mcrA and dsrA, respectively. The copy numbers of mcrA 
in 10 ng of the fecal DNA were below detection limit of 10
2
 in all samples. The dsrA gene 
ranged from 10
2
 – 10
5
 copies per 10 ng DNA. The data were normalized and represented as % of 
total Bacteria (Table 4.2). The Kruskal-Wallis test indicated no significant effects of group, age, 
sex, or sampling time.  
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IV. Discussion 
The most striking observation in this study was the detection of clear host group-specific 
variation of the intestinal hydrogenotrophic microbial community among wild and captive black 
howler monkeys. In general, host phylogeny is considered to be a major factor determining the 
intestinal microbial composition (143). Similarly, intestinal methanogenic microbiota is also 
considered to be influenced by host genetic background (101) and environmental factors during 
early development of the microbiota (22, 82). Our results indicate that later environmental and/or 
dietary changes of the host could have greater influence on the composition of intestinal 
hydrogenotrophs in black howler monkeys than the host genetic or early environmental effects.  
The Desulfovibrionales-enriched DGGE indicated reduced microbial diversity in the captive 
animals compared to their wild counterparts. The 16S rDNA sequences from Lachnospiraceae 
were enriched in addition to the Desulfovibrionales, due to their high similarity to the 
Desulfovibrionales-specific primer sequences. The family Lachnospiraceae includes genera 
Butyrivibrio, Lachnospira, and Roseburia, which are normal inhabitants of the rumen and 
gastrointestinal tract of animals (42). Enrichment of Roseburia intestinalis-related sequence was 
restricted to the wild groups. R. intestinalis is a butyrate-producing microbe that belongs to the 
clostridial cluster XIVa (68), and has an absolute requirement for acetate as a cosubstrate of 
butyrate production (70). Acetate is reported to be the major VFA produced by cecal contents of 
wild howler monkeys (production rate; 2.5-3.4 µM/g/min, 93.7% of total VFA) (177). Cross-
feeding between the acetate-producing bifidobacteria and R. intestinalis has been suggested to 
contribute to the bifidogenic/butyrogenic effect observed after ingestion of prebiotics in human 
(76). Further studies would be needed to investigate if such interaction exists in the intestinal 
microbiota of wild black howler monkeys. 
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The microbiota of captive animals were characterized by the enrichment of L. pectinoschiza-
like and M. stadtmanae sequences. L. pectinoschiza is a pectinophile which was recently isolated 
from the pig intestine (41). Pectin fermentation results in the production of methanol as the major 
end product. Since pectinolytic bacteria do not consume methanol, pectin metabolism may 
establish a niche for methylotrophs (236). Syntrophy between pectinophiles and methanol-
utilizing bacteria has been observed during co-culture growth on pectin (225). M. stadtmanae is 
the methanogen which can utilize only methanol and H2 for methanogenesis (84, 174). Together, 
these observations are consistent with increased pectin fermentation and potential cross-feeding 
between pectinophiles and methanogens in the intestinal microbiota of captive howler monkeys. 
Increased pectin fermentation may be expected from the fact that captive animals analyzed in 
this study were fed mainly with fruits at the rehabilitation center.  
The real-time PCR results indicated higher abundance of SRB than methanogens in all 
howler monkeys used in this study. The level of methanogens in Balam group was below 
detection limit by both real-time PCR and PCR-DGGE methods. Although methanogens were 
not detected from the Balam group, the abundance of SRB in the Balam group was not 
significantly different from other groups. These results may indicate the presence of alternative 
hydrogenotrophic pathway such as reductive acetogenesis. Reductive acetogenesis is regarded as 
a relatively minor hydrogenotrophic pathway in the human colon. However, acetogens may 
predominate in non-methanogenic human subjects, and the numbers of acetogens have a 
negative correlation with those of methanogens (17). The high proportion of acetate production 
may also support the occurrence of reductive acetogenesis in howlers.  
The extreme similarity of hydrogenotrophic microbial profiles among captive animals was 
somewhat surprising. These animals were collected from various geographical areas in Mexico 
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and were kept together in small enclosures at the rehabilitation center. The similarity in their 
micorbiota likely reflects the shift of microbial composition due to the dietary and/or 
environmental conditions under captivity. Detection of human methanogens, M. smithii and M. 
stadtmanae, was unexpected. These two methanogen species have been considered as specific to 
human microbiota and so far not detected from other animal species. M. smithii has been 
detected from coastal water sampled contaminated with human sewage, but not from the feces of 
livestock animals that have close contact with humans (272). The similarity of methanogenic 
microbiota between human and captive howler monkeys may reflect either close contact with 
humans or consumption of diet similar to humans. Further studies are needed to investigate these 
possibilities. 
Nevertheless, differences between wild and captive diet would certainly affect the intestinal 
fermentation patterns. Their staple foods in the wild, fig leaves and fruits, contain considerable 
cell-wall material (30-55% dry weight) (179). On the other hand, fruits and vegetables fed 
routinely to captive animals may be considerably high in water, lower in fiber and more readily 
digestible than the natural diet (43). 
Environmental conditions and transmission of methanogens among individuals are also 
known to have important influences on the establishment of methanogenetic microbiota. In the 
cohabitation experiments of methanogenic and non-methanogenic adult rats by Florin et al. (82), 
the methanogenic trait was transferred to non-methanogenic adult rats. Once methanogenic 
microbiota is established, no animal lost the trait over the 2 year study period, indicating the 
remarkable stability of methanogens (82). Bond et al. (22) observed an unusually high incidence 
of methane producers among institutionalized children living together in closed units for a long 
period of time.  
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Only a few studies have examined the impact of captivity on primate intestinal microbiota 
(16, 86, 271), all of which showed clear differences between wild and captive populations. Our 
study clearly indicated the impact of captivity on the hydrogenotrophic microbiota of non-human 
primates. Hydrogenotrophic activity has important implications in the host health and diseases 
(185). In our study, one juvenile animal in the captivity (AJ7), which had unique 
hydrogenotrophic microbiota dissimilar from any wild and other captive animal, developed 
diarrhea and died one month after the sample collection. Analysis of hydrogenotrophic 
microbiota may provide insights into the intestinal metabolism and health of captive primates, 
and thereby contribute to the development of dietary or environmental managements to improve 
their well-beings. 
Further studies would be needed to sort out the multifactorial interactions among host 
genetic, environmental, and dietary influences on the composition of microbiota of wild and 
captive non-human primates. Such studies may provide insights into the unanswered questions 
regarding the variation of human methanogenic microbiota observed among individuals of 
different geographic origins (138) or genetic relatedness (22, 101).  
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Table 4.1. Closest identified taxa of 16S rDNA sequences obtained from Desulfovibrionales-
enriched DGGE. 
 
Band 
No. Closest identified taxon 
GenBank accession 
No. 
% 
identity 
1 Roseburia intestinalis str. L1-8151 AJ312386 99.42 
2 Low quality sequence     
3 Clostridium sp. ASF502 str. ASF 502 AF157053 
  Lachnospiraceae genomosp. C1 AY278618 
94.74 
4 Clostridium sp. ASF502 str. ASF 502 AF157053 
  Lachnospiraceae genomosp. C1 AY278618 
97.08 
5 Clostridium sp. ASF502 str. ASF 502 AF157053 
  Lachnospiraceae genomosp. C1 AY278618 
94.29 
6 Desulfovibrio sp. str. UNSW3caefatS AF056091 91.75 
7 Desulfovibrio sp. str. UNSW3caefatS AF056091 91.79 
8 Roseburia intestinalis str. L1-8151 AJ312386 97.71 
9 Low quality sequence     
10 Clostridium sp. ASF502 str. ASF 502 AF157053 
  Lachnospiraceae genomosp. C1 AY278618 
97.11 
11 Lachnospiraceae genomosp. C1 AY278618 
  
Syntrophococcus sucromutans str. DSM 
3224 Y18191 
92.57 
12 Low quality sequence     
13 Desulfovibrio sp. str. UNSW3caefatS AF056091 91.75 
14 Lechnospira pectinoschiza AY169414 95.95 
15 Clostridium sp. ASF502 str. ASF 502 AF157053 
  Lachnospiraceae genomosp. C1 AY278618 
98.25 
16 Clostridium sp. ASF502 str. ASF 502 AF157053 
  Lachnospiraceae genomosp. C1 AY278618 
94.22 
17 Desulfovibrio sp. str. UNSW3caefatS AF056091 91.75 
18 Desulfovibrio sp. str. UNSW3caefatS AF056091 92.27 
19 Eubacterium callanderi str. DSM 3662 X96961 
  Pseudoramibacter alactolyticus str. 23263T AB036759 
94.22 
20 Desulfovibrio piger str. ATCC29098 AF192152 95.88 
21 Desulfovibrio sp. str. UNSW3caefatS AF056091 
  Desulfovibrio piger str. ATCC29098 AF192152 
91.75 
22 Low quality sequence     
23 Clostridium sp. ASF502 str. ASF 502 AF157053 
 Clostridium bolteae str. 16351 AJ508452 
  Lachnospiraceae genomosp. C1 AY278618 
95.38 
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Table 4.2. Abundance of dsr gene copies normalized to Bacteria 16S rDNA copies (%)  
Group Individual Age Sex May June July 
Motiepa Chan-Pan Juvenile Male 0.12 2.71 6.39 
Motiepa Bichi Bichi Juvenile Male 0.31 1.27 1.11 
Motiepa Chan-Kin Subadult Male 0.12 1.61 1.19 
Motiepa Ozzy Adult Male 0.23 1.15 0.10 
Motiepa Spock Adult Male 0.42 0.11 0.94 
Motiepa Chan-Bor Adult Male 0.57 0.74 1.12 
Motiepa Mota Adult Female 1.73 0.28 0.57 
Motiepa Pichika Adult Female 0.11 0.39 2.14 
Balam Jorgito Juvenile Female 0.11 ND
1
 0.21 
Balam Elmer Juvenile Male 0.27 0.98 0.72 
Balam Libertad Adult Female ND
2
 0.22 0.34 
Balam Kiki Adult Female 1.39 1.01 0.29 
Balam Tony Adult Male 0.09 1.64 0.20 
Balam Comandante Adult Male 0.05 0.18 0.14 
        Sampled one time 
AcaJungla AJ1 Juvenile Female 0.31 
AcaJungla AJ2 Juvenile Male 0.40 
AcaJungla AJ3 Juvenile Male 0.21 
AcaJungla AJ4 Juvenile Male 12.56 
AcaJungla AJ5 Juvenile Male ND
3
 
AcaJungla AJ6 Juvenile Female 0.03 
AcaJungla AJ7 Juvenile Female 2.03 
 
1 
sample not available, 
2 
not calculated due to low copy number of Bacteria 16S rDNA, 
3
 not 
calculated due to a dsrA copy number below detection limit 
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A 
 
 
Figure 4.1. Desulfovibrionales-enriched DGGE profiles of Motiepa (A) and Balam (B) 
populations sampled in May, June, and July (left to right). Names of individuals are shown on 
the top with their age (J: juvenile,  SA: subadult, A: adult). 
 
Chan-Pan (J) Bichi Bichi (J) Chan-Kin (SA) Ozzy (A) Spock (A) Chan-Bor (A) 
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Figure 4.1 (cont.) 
Jorgito (J-F) Elmer (J-M) Libertad (A-F) Kiki (A-F) Tony (A-M) Comandante (A-M) 
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Figure 4.2. Desulfovibrionales 16S rDNA-enriched DGGE profiles of wild (Motiepa and 
Balam) and captive populations.  1: Chan-Pan, 2: Bichi Bichi, 3: Chan-Kin, 4: Ozzy, 5: Spock, 6: 
Chan-Bor, 7: Mota, 8: Pichika, 9: Elmer, 10: Jorgito, 11: Tony, 12: Comandante, 13: Libertad, 
14: Kiki, 15: AJ2, 16: AJ3, 17: AJ4, 18: AJ5, 19: AJ1, 20: AJ6, 21: AJ7. Numbrs on the gel 
indicate the bands excised for sequencing. 
 
1   2    3   4    5   6    7   8         9  10   11 12  13  14      15 16   17 18  19 20 21  
Juvenile Adult Juvenile Adult Juvenile 
Motiepa Balam AcaJungla (captive) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
23 11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
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Figure 4.2 (cont.) 
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Figure 4.3. Archaea 16S rDNA-specific DGGE profiles of wild (Motiepa and Balam) and 
captive populations.  1: Chan-Pan, 2: Bichi Bichi, 3: Chan-Kin, 4: Ozzy, 5: Spock, 6: Chan-Bor, 
7: Mota, 8: Pichika, 9: Elmer, 10: Jorgito, 11: Tony, 12: Comandante, 13: Libertad, 14: Kiki, 15: 
AJ2, 16: AJ3, 17: AJ4, 18: AJ5, 19: AJ1, 20: AJ6, 21: AJ7. Numbrs (A1-A3) on the gel indicate 
the bands excised for sequencing. 
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Figure 4.4. Neighbor-joining tree showing phylogenetic relationship of partial Archaea 16S 
rDNA sequences obtained from DGGE gel. Methanopyrus kandleri was used as the outgroup. 
Sequences from this study are represented with band numbers shown in Fig 3 (A1, A3). Band A2 
was not included due to the low sequencing quality. The bootstrap values on nodes are % 
confidence levels from 1000 replications of resampling the alignments. 
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Figure 4.5. Neighbor-joining tree showing phylogenetic relationship of cloned Archaea 16S 
rDNA sequences. Methanopyrus kandleri was used as the outgroup. Sequences from this study 
are represented with alphabet indicating population (M: Motiepa, B: Balam, A: AcaJungla) and 
clone number (1-10). The bootstrap values on nodes are % confidence levels from 1000 
replications of resampling the alignments.  
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CHAPTER 5 
SUMMARY OF PRIMATE HYDROGE%OTROPHIC MICROBIAL A%ALYSES A%D 
IMPLICATIO%S FOR CAPTIVE MA%AGEME%T 
 
I. Combined analyses of the primate hydrogenotrophic microbiota 
The Archaea and Desulfovibrionales 16S V3 rDNA DGGE profiles from Chapters 2-4 were 
combined in a single dataset in Diversity Database software and analyzed altogether for the 
similarity of banding patterns.  
The Archaea 16S V3 rDNA DGGE banding patterns generated on 4 separate gels in chapters 
2, 3, and 4 were analyzed together by principal component analysis (PCA). The results indicated 
a clear gel-specific effect on the profiles (Figure 5.1A). Although host species-specific effects 
are associated with the gel-specific effects, it also seems to reflect the difficulties of making 
direct comparisons across gels. Combined analysis of separate DGGE gels requires better 
standardization, such as inclusion of additional ladders. Randomization of sample loadings on 
separate gels may also be an important strategy to normalize the gel-specific effects. Such 
procedures were not taken in these studies since combined analysis was not included in the 
original experimental design. As a result, potential host species effects on the banding pattern 
(Figure 5.1B) were highly confounded by the gel-specific effects. The Kruskal-Wallis test 
indicated significant species-specific difference (p < 0.05) of Archaea diversity represented by 
the number of DGGE bands (Figure 5.2). Pairwise comparison indicated significant differences 
(p < 0.05) between human and all other primate species except howlers, howlers and all other 
primates except humans and orangutans, gibbons and chimpanzees or mangabeys. The Archaea 
community diversity was highest in chimpanzees and lowest in humans.  
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The Desulfovibrionales 16S V3 rDNA DGGE banding patterns were generated on 2 separate 
gels in chapters 2 and 4. PCA indicated a clear gel-specific (Figure 5.3A) and host species-
specific (Figure 5.3B) effects on the banding pattern. Further, the banding patterns of captive 
black howler monkeys (AcaJungla) were clearly different from those of wild counterparts 
(Balam and Motiepa; Figure 5.3C). Gender-specific banding patterns were not observed (Figure 
5.3D). The Kruskal-Wallis test did not indicate significant species-specific difference of 
Desulfovibrionales diversity represented by the number of DGGE bands, although significant 
differences of the band numbers existed among the 3 groups of black howler monkeys (Figure 
5.4).  
 
II. Implications for primate captive management 
Most primates are nearly or exclusively herbivores. Wild primate diets vary markedly with 
food availability depending on geographic and seasonal conditions. It is a challenge to develop 
an appropriate and palatable captive diet using available food items. Crissey and Pribyl (43) 
compared nutrient profiles of the food items consumed in the wild and common produce items 
fed routinely to captive primates, and suggested that captive primate diets can be considerably 
higher in water and lower in fiber and more readily digestible than their natural diet.  
One of the most important sources of dietary variation between wild and captive primates is 
fiber intake. Dietary fiber contributes to colonic health by increasing fecal bulk and water-
holding capacity, shortening transit time and decreasing concentrations of toxic substances 
including bile acids and free ammonia. SCFA produced from fiber fermentation are especially 
important source of energy for folivorous primates. Increased fiber consumption and SCFA 
production are also associated with reduced risk of developing gastrointestinal disorders, cancer, 
 103 
and cardiovascular disease (7, 296). High prevalence of these diseases in Westernized human 
populations are considered to be partially due to consumption of low-fiber, high-fat diets. 
Cardiovascular disease, ulcerative colitis, and elevated cholesterol levels have been also reported 
as major health problems in zoo gorillas (61, 163).  
Increased fiber intake requires elevated hydrogenotrophic microbial activity. In our study, 
clear differences were observed in the hydrogenotrophic microbiota between wild and captive 
black howler monkeys. Enrichment of L. pectinoschiza and M. stadtmanae in captive monkeys 
likely reflected increased pectin in their diet. They also possessed less diverse microbes 
belonging to Lachnospiraceae or Desulfovibrio. These observation indicate that captive 
environment, especially the diet, has a substantial influence on intestinal fermentation and 
hydrogen metabolism. As discussed in Chapter 1, microbial hydrogen metabolism also has 
important implications on host health. 
Obesity is one such health factor in which microbial hydrogen metabolism may play a role 
(142, 230, 270, 305). A combination of increased intake of energy-dense foods and reduced 
physical activity may contribute to the high prevalence of obesity in zoo animals. Obesity is a 
common problem in captive primates as well (261, 278). A syntrophic partnership between H2-
producing fermentative bacteria and methanogens (M. smithii) is suggested as an important 
mechanism for increased energy extraction from dietary fiber (230, 305). Samuel et al. (230, 
231) suggested that M. smithii may be a potential therapeutic target for manipulation as a means 
of treating obesity. Detection of M. smithii from zoo primates was an interesting observation in 
this regard. Future studies should clarify if its presence is due to selective enrichment from their 
original microbiota or transmission from humans. Further, additional studies will be required to 
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determine if the increase of energy harvest is specifically associated with M. smithii or common 
among other methanogens.  
Our study also indicated different community profiles of Desulfovibrio species between wild 
and captive black howler monkeys. Microbial sulfate reduction produces a toxic end product, 
hydrogen sulfide, which may play a role in the etiology of colonic diseases such as IBD or 
colorectal cancer. As described in the Chapter 1, endogenously-secreted sulfate (e.g. sulfomucin) 
is likely a major source for intestinal sulfate reduction. However, inorganic sulfate present in 
commercial breads, dried fruits and vegetables, nuts, and brassica vegetables may also be 
available for intestinal sulfate reduction (83). Dietary protein, especially meat, is also considered 
as an important substrate for intestinal sulfidogenesis (156). The captive primate diet may 
commonly include hard-boiled egg, yogurt, bread, raisins, and peanuts. These items may 
potentially cause increased colonic sulfidogenesis and contribute to increased colonic disorders.  
Maintenance and breeding of some primate species in captivity are still difficult (43). 
Improvement of captive management, including nutrition, is critically important for the 
maintenance of those species. Comparison of nutrient intakes of wild and captive primates would 
provide specific insights into nutrient components which may be associated with health problems 
commonly seen in captive primates. However, information on the feeding strategies of wild 
primates remains limited in regards to the nutrient intake, since such studies do not often include 
an examination of food nutrient composition. Comparison of intestinal microbiota focusing on its 
metabolic functions would also be particularly important to understand the metabolic processes 
that may influence colonic health and energy harvest by captive primates. Metabolic gene-based 
microbial analysis of wild and captive primate fecal samples would be an useful strategy to 
obtain such information. 
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Analysis of hydrogenotrophic microbiota seems one useful way of evaluating the effect of 
captivity on the intestinal metabolism and health of primates. Investigation of microbial 
hydrogen metabolism in wild and captive primates should give insights into the development of 
dietary recommendations to improve the well-being of captive primates.  
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Figure 5.1. Principal component analysis of Archaea 16S V3 rDNA-specific DGGE banding 
patterns. Each sample is marked with DGGE gel identity (A) or host species (B). Samples were 
run on different DGGE gels identified as H (howler monkeys), L (LPZ primates), MB 
(mangabeys and baboons), or O (Omaha primates).  
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Figure 5.1 (cont.) 
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Figure 5.2. Number of bands on the Archaea 16S V3 rDNA-specific DGGE. The Kruskal-Wallis 
test indicated significant species-specific difference (p < 0.05) of Archaea diversity represented 
by the number of DGGE bands (Figure 5.2). Pairwise comparison indicated significant 
differences (p < 0.05) between human and all other primate species except howlers, howlers and 
all other primates except humans and orangutans, gibbons and chimpanzees or mangabeys. 
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Figure 5.3. Principal component analysis of Desulfovibrionales 16S V3 rDNA-specific DGGE 
banding patterns. Each sample is marked with DGGE gel identity (A), host species (B), location 
(C) or sex (D). Samples were run on different DGGE gels identified as H (howler monkeys) or 
MB (mangabeys and baboons). 
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Figure 5.3 (cont.) 
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Figure 5.3 (cont.) 
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Figure 5.3 (cont.) 
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Figure 5.4. Number of bands on the Desulfovibrionales 16S V3 rDNA-enriched DGGE. The 
Kruskal-Wallis test did not indicate significant species-specific difference of Desulfovibrionales 
diversity represented by the number of DGGE bands. Significant differences of the band 
numbers existed among the 3 groups of black howler monkeys 
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CHAPTER 6 
GROWTH A%D I% VITRO METABOLISM OF HYDROGE%OTROPHIC MICROBES 
 
I. Introduction 
Current knowledge about the competition of methanogens and SRB in the human colon is 
largely based on the competition studies completed during the late 1980’s and early 1990’s, 
when culture-dependent methods were used mainly for microbial analyses (91, 92, 249-251). 
Few studies have examined in detail metabolic pathways underlying potential competition or 
coexistence of SRB and methanogens in the human colon. Recent advances in molecular 
techniques have enabled significant advances in the characterization of hydrogenotrophic 
microbial communities. However, detection of hydrogenotrophic microbes does not necessarily 
reflect the dynamics of hydrogenotrophic activities in situ. Dar et al. (48) examined SRB 
diversity in sulfidogenic wastewater treatment reactors by both DNA- and RNA-based DGGE 
for 16S rRNA and dsrB genes, and observed marked differences between the SRB populations 
that were present and those that were metabolically active. Comparative analysis of microbial 
DNA and RNA, as well as functional gene-based molecular approaches, may provide insights 
into microbial metabolic activities.  
Analysis of microbial gene expression is an important approach for evaluating in situ 
metabolic state of physiologically active microbial cells. Attempts have been made to quantify 
the transcription of functional genes and correlated physiological processes. Recent studies have 
shown that transcript levels of dsr can be measured to estimate the cell-specific sulfate reduction 
rate, providing information on the metabolic state of SRB (187, 279). The functional gene 
approach would be extremely useful for studying in situ hydrogenotrophic activities in the 
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human colon, which is generally difficult to estimate by biochemical or microbiological analyses 
due to host absorption of metabolites and the versatile metabolic potentials of microbes. 
However, transcriptional dynamics of key functional genes of human colonic hydrogenotrophs 
have not been investigated yet.  
In this study, I utilize functional gene-based approaches to study metabolic activities of 
representative human colonic hydrogenotrophs in in vitro culture experiments. The aim of this 
study was to assess the validity of this approach by determining the relationship of functional 
gene expression and hydrogenotrophic activity using pure and mixed microbial culture. 
Three representative human hydrogenotrophic and fermentative microbes were used for pure 
culture and co-culture experiments. Methanobrevibacter smithii and D. piger are the major 
methanogenic and sulfate-reducing microbes in the human colon as explained in the Chapter 1. 
Methanobrevibacter smithii can utilize CO2, H2 and formate for methanogenesis and form 
syntrophic relationships with a broad range of bacterial members in the human colon (231). 
Desulfovibrio piger uses lactate, pyruvate, ethanol and hydrogen, but not acetate, as electron 
donors for sulfate reduction (147). Co-culture experiments involved Bacteroides 
thetaiotaomicron, a fermentative bacterium commonly present in the human colon, to explore the 
ability of hydrogenotrophs to form a syntrophic relationship by hydrogen cross-feeding.  
A continuous culture technique was used in some of the experiments described in this chapter. 
This technique has been largely applied to the studies of colonic bacterial metabolism because it 
mimics some conditions in the colonic environment. In batch culture, conditions of growth rate, 
substrate and end-product concentration change constantly. In the continuous culture, it is 
possible to maintain a mixed population of microbes with the above culture conditions 
unchanged, allowing selection of microbes based on the concentration of the chosen growth-
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limiting substrate. Selection of microbes in such systems resembles more closely the competitive 
process occurring in the natural environments. In this study, sulfate was used as the growth-
limiting substrate to control the major hydrogenotrophic pathways in the continuous culture.  
 
II. Materials and Methods 
Microorganisms 
The organisms used were Methanobrevibacter smithii PS (DSM 861), Desulfovibrio piger 
(DSM 749), and Bacteroides thetaiotaomicron (VPI-5482). Mehtanobrevibacter smithii and D. 
piger were obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; 
Braunschweig, Germany). Bacteroides thetaiotaomicron was obtained from Dr. Abigail Salyers 
at University of Illinois.  
Media and growth conditions 
Methanobrevibacter smithii was grown and maintained on modified Balch medium, which 
contained (per liter) 2 g of trypticase, 2 g of yeast extract, 2.5 g of sodium acetate, 2.5 g of 
sodium formate, 200 ml of rumen fluid, 50 ml of mineral solution I (6 g of K2HPO4 per liter), 50 
ml of mineral solution II (12 g of NaCl, 6 g of (NH4)2SO4, 6 g of KH2PO4, 0.16 g of 
CaCl2·2H2O, 2.6 g of MgSO4·7H2O per liter), 10 ml of trace element solution (0.5 g of EDTA, 
0.1 g of ZnSO4·7H2O, 0.03 g of MnCl2·4H2O, 0.03 g of H3BO3, 0.2 g of CoCl2·6H2O, 0.01 g of 
CuCl2·2H2O, 1.5 g of FeCl2·7H2O, 0.02 g of NiCl2·6H2O, 0.03 g of Na2MoO4·2H2O, 0.01 g of 
Na2SeO3 per liter), 10 ml of vitamin solution (0.2 g of 1,4 naphthoquinone, 0.2 g of pyridoxine-
HCl, 0.15 g of pyridoxamine dihydrochloride, 0.2 g of riboflavin, 0.2 g of thiamine-HCl, 0.2 g of 
calcium D-pantothenate, 0.2 g of nicotinamide, 0.025 g of folic acid, 0.025 g of cyanocobalamin, 
0.025 g of p-aminobenzoic acid per liter), 5 g of NaHCO3, 0.5 g of L-cysteine HCl·H2O, 0.5 g of 
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Na2S·9H2O, 0.4 ml of 0.1% resazurin, 15 ml of menadione-biotin solution (0.125 g of 
menadione, 0.1 g of biotin per liter), 6.7 mg of cephalothin, and 1.7 mg of clindamycin. 
Headspace was pressured at 2 atm with a gas mixture composed of 80% H2 and 20% CO2. M. 
smithii cultures were agitated on a platform shaker at 200 rpm during incubation at 37°C. 
Desulfovibrio piger was grown on Postgate B medium, which contained (per liter) 1 g of yeast 
extract, 5.8 g of 60% sodium lactate syrup, 0.5 g of KH2PO4, 1 g of NH4Cl, 1 g of CaSO4, 2 g of 
MgSO4·7H2O, 0.5 g of FeSO4·7H2O. Headspace was filled with N2. D. piger cultures were 
grown at 37°C without agitation. 
Bacteroides thetaiotaomicron was grown and maintained on anaerobic chopped meat broth 
(Remel, Lenesa, Kansas) at 37°C. 
All mixed-culture and fecal experiments, and some monoculture experiments, were performed 
on anaerobic medium, which contained (per liter) 1 g of trypticase, 1 g of yeast extract, 0.5 g of 
pectin, 1 g of starch, 50 ml of mineral solution 1 (6 g of K2HPO4 per liter), 50 ml of mineral 
solution 2 (12 g of NaCl, 12 g of (NH4)2SO4, 6 g of KH2PO4, 1.2 g of CaCl2·2H2O, 1.2 g of 
MgSO4·7H2O per liter), 1 ml of 0.1% resazurin, 20 ml of 0.05% hemin solution, 1 ml of trace 
element solution (0.5 g of EDTA, 0.1 g of ZnSO4·7H2O, 0.03 g of MnCl2·4H2O, 0.03 g of 
H3BO3, 0.2 g of CoCl2·6H2O, 0.01 g of CuCl2·2H2O, 1.5 g of FeCl2·7H2O, 0.02 g of 
NiCl2·6H2O, 0.03 g of Na2MoO4·2H2O, 0.01 g of Na2SeO3 per liter), 2 g of NaHCO3, 0.8 g of 
cysteine sulfide, 5 ml of vitamin solution (0.2 g of 1,4 naphthoquinone, 0.2 g of pyridoxine-HCl, 
0.15 g of pyridoxamine dihydrochloride, 0.2 g of riboflavin, 0.2 g of thiamine-HCl, 0.2 g of 
calcium D-pantothenate, 0.2 g of nicotinamide, 0.025 g of folic acid, 0.025 g of cyanocobalamin, 
0.025 g of p-aminobenzoic acid per liter), 10 ml of menadione-biotin solution (0.125 g of 
menadione, 0.1 g of biotin per liter). 
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Pig fecal samples 
Fresh pig feces were collected from European breed pigs in the swine research farm at 
University of Illinois.  
Continuous and semi-continuous culture of pig feces 
The culture was grown in Biostat B (Sartorius-Stedim Systems Inc., Bethlehem, PA) fitted 
with a 2 l vessel. The vessel was constantly flushed with N2. The fermenter vessel was charged 
with 1.5 l anaerobic medium. The fecal culture was incubated at 37°C with an agitation rate of 
100 rpm. Culture pH was continuously monitored and maintained at 7.0 by addition of HCl or 
NaOH. When the culture OD600 reached 0.8, fresh anaerobic medium was added at a dilution rate 
of 0.03/h. After overnight incubation in continuous culture, the culture was switched to semi-
continuous mode due to a problem with the harvest pump. During the semi-continuous culture, 
500 ml medium was exchanged manually every 12 hours.  
Gas analyses 
Analyses of gas samples for H2 and CH4 were performed by direct injection of 0.5 ml 
headspace gas into a gas chromatograph (Series 580 Thermal Conductivity Gas Chromatograph, 
Gow-Mac Instrument Co., Bethlehem, PA). The GC injector, oven, and detector temperatures 
were 80°C, 75°C, and 80°C respectively. Standard curves were generated by injecting pure H2 
and CH4 gases (Figure 6.1).  
Sulfide measurements 
Sulfide measurements were performed using the method of Cline (37) as modified by Strocchi 
et al. (252). Zinc acetate solution (120 g/l) was made by using anaerobic water (boiled and 
bubbled with N2) and stored in a serum bottle filed with N2. For standard curve generation, zinc 
sulfide standards were made by adding 4 ml of anaerobically prepared sodium sulfide solution 
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(0.1-10 µmol/ml) into 1 ml zinc acetate solution in N2-filled glass tubes. 1/10- and 1/100-diluted 
standards were made by adding 1 ml of each standard to 9 ml of anaerobic water in N2-filled 
glass tubes. One ml of zinc sulfide standard was mixed with 80 µl diamine reagent and incubated 
at room temperature for 20 min. The spectrometry reading was consistent from 20 min to over 4 
hours after incubation (Figure 6.2). 
Analysis of zinc sulfide standards showed that the sulfide concentration greater than 1 
µmol/ml required dilution before color development (Figure 6.3). Sample dilution factor also had 
significant influence on the slope of standard curves (Figure 6.4). The analysis indicated proper 
dilution factor of 1/10 if initial sulfide concentration is less than 2 µmol/ml, and 1/100 if initial 
concentration is greater than 1 µmol/ml (Figure 6.5).  
%ucleic acid extraction 
DNA and RNA were extracted simultaneously using Qiagen RNA/DNA Mini Kit (Qiagen) in 
accordance with the manufacturer’s instructions. Potential DNA contamination in RNA extracts 
was eliminated by DNase treatment using TURBO DNA-free (Ambion, Inc., Austin, TX) in 
accordance with manufacturer’s instruction. Elimination of DNA contamination in was 
confirmed by performing qPCR on the DNase-treated RNA extracts. 
Efficacy of co-extraction method was evaluated by using pig feces and continuous culture 
effluent samples. Efficacy of bead-beating was also evaluated as an alternative cell disruption 
stragety. For the control purpose, DNA was extracted by using QIAamp DNA Stool Mini kit 
(Qiagen). Nucleic acid concentrations were determined by spectrophotometer. The co-extraction 
method yielded sufficient amounts of DNA and RNA respectively (Table 6.1). Bead-beating did 
not affect the DNA quantity but increased RNA yield. Microbial diversity of DNA by co-
extraction methods was evaluated by PCR-DGGE using Bacteria or Archaea 16S V3 rDNA 
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primers (Figure 6.6). The microbial diversity of DNA obtained by co-extraction method was 
equal to or better than that obtained by the control method. Bead-beating slightly increased the 
microbial diversity of DNA and RNA from pig fecal samples, but had no major effect on the 
continuous culture effluent samples.  
Reverse transcription 
cDNA was generated from 10 µl of RNA extract with random hexamer primers with 
Superscript III reverse transcriptase (Invitrogen) in accordance with the manufacturer’s 
instructions. Synthesized cDNA was diluted to 10 ng/µl of RNA equivalent prior to use in qPCR.  
PCR-denaturing gradient gel electrophoresis (DGGE) 
PCR-DGGE was performed following the protocol described in Chapter 2. 
Real-time quantitative PCR 
Real-time quantitative PCR of mcrA and dsrA were performed following the protocol 
described in Chapter 2. For quantification of B. thetaiotaomicron, α-1-6 mannanase gene was 
amplified using primers BtH-F and BtH-R (303). New standard curves were generated using 
known number of plasmids containing target sequence amplified from pure culture of each 
microbe (Figure 6.7). 
 
III. Results 
Experiment 1. Batch and semi-continuous culture of pig fecal samples 
Biochemical and gene expression analyses of pig fecal incubation 
Fresh pig feces were collected from 4 European breed pigs of 5-month old. Individual sample 
(30 g) were mixed with 45 ml anaerobic medium using Waring blender and incubated in serum 
bottles filled with N2. Serum bottle was equipped with a 20-ml syringe to monitor total gas 
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production. After 9 hours of incubation, 1.5 ml of 1M sodium sulfate was added to two of the 
bottles (bottles No. 3 and 4; final concentration: 20 mM). After 23 hours, another 1.5 ml of 1M 
sodium sulfate was added to the same bottles (final concentration: 40 mM). At 28 hours after 
incubation, 1 ml samples were taken from bottles No. 1 and 4 and inoculated into glass tubes 
containing 9 ml anaerobic medium with or without 20 mM sulfate.   
Methane gas was detected from all samples (Figure 6.8). The aliquot sample from bottles 1 
and 4 incubated with or without sulfate produced small mount of methane (<0.05 ml) and total 
gas (< 1 ml), regardless of sulfate concentration in the medium. Sulfide concentration was 
measured at 74 hours of incubation in the serum bottles and at 45 hours of incubation in the 
aliquots in anaerobic medium. Sulfide concentrations ranged from 1 to 5 µmol/ml, and no 
significant difference was observed between sulfate-added and sulfate-free samples (data not 
shown). Real-time PCR analyses of functional genes (mcrA, dsrA) showed very low 
amplification from cDNA and no effect of sulfate concentration (Table 6.2).  
Biochemical and functional gene analyses of semi-continuous culture 
Fresh pig fecal sample (5 g) was added to 50 ml anaerobic medium and homogenized in a 
Waring blender. 10 ml of the homogenate was inoculated in 100 ml medium and incubated at 
37°C. After overnight incubation, 1 ml of the culture was inoculated in 100 ml fresh anaerobic 
medium (repeated twice). 15 ml of the culture medium at OD600 of 1.0 was used to inoculate the 
continuous culture vessel and maintained in semi-continuous mode for 5 months.  
Addition of sulfate did not affect the sulfide concentration in semi-continuous culture (Figure 
6.9). Small fluctuation of sulfide concentration was within the range of experimental error of 
sulfide measurement. Abundance of methanogens measured by real-time PCR of mcrA genes 
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remained constant in the range of 3-4 log gene copies/10 ng DNA and no remarkable difference 
was observed before and after the addition of sulfate (data not shown). 
Biochemical and functional gene analyses of batch-incubated semi-continuous culture 
samples 
Effluent sample (30 ml) was taken from the continuous culture vessel and transferred to 
sterilized glass tubes (10 ml/tube) filled with a gas mixture of 80% H2 and 20% CO2 (“culture” 
samples). Another 30 ml of culture was taken and centrifuged at maximum speed for 5 min. 
Pellets were collected and suspended in anaerobic diluents. This procedure was repeated twice. 
Pellet was suspended in 1.5 ml anaerobic diluent and 0.5 ml each of aliquots were inoculated in 
10 ml anaerobic medium prepared in triplicate glass tubes (“washed” samples). All tubes were 
incubated with agitation (200 rpm) at 37°C for 24 h. Headspace gas (0.5 ml) and culture medium 
(0.5 ml) were removed for analyses every 2-4 hours. The same procedure was repeated after 
sodium sulfate was added to the fermenter at the final concentration of 20 mM. The batch culture 
medium also contained same concentration of sodium sulfate (20 mM). 
Microbial growth was monitored by measuring OD600 (Figure 6.10). “Culture” samples 
maintained identical OD during the 24 hours of incubation. “Washed” samples reached their 
maximum ODs within 2 hours of incubation and stayed constant for the rest of incubation. No 
difference was observed between sulfate-added and sulfate-free cultures. Medium pH of 
“culture” cells was around 7.0 and consistent during the 24 hours of incubation. The pH of 
“washed” cells was around 8.0 before incubation and 6.0 after 24 hours of incubation. Total H2 
consumption was slightly greater in sulfate-free cells (Figure 6.11). “Culture” cells had higher H2 
consumption than “washed” cells. Methane gas was not detected in any of the samples 
throughout the experiment (data not shown). Sulfide concentration did not increase in “culture” 
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cells throughout the experiment (Figure 6.12). Sulfide concentration in “washed” cells started to 
increase at 4-8 hours of incubation and reached its maximum at 12-16 hours. No remarkable 
difference existed between sulfate-added and sulfate-free samples. Addition of sulfate did not 
influence the abundance and expression of hydrogenotrophic functional genes (Figure 6.13). The 
analyses constantly showed higher abundance of dsrA than mcrA from all samples. 
Experiment 2. Pure culture experiments 
Growth curve and hydrogen consumption of D. piger 
The 5 ml of actively growing D. piger overnight culture was inoculated in 50 ml anaerobic 
medium containing 20 mM sulfate. Headspace was filled with a gas mixture composed of 80% 
H2 and 20% CO2. During incubation at 37°C, tubes were agitated on a platform shaker at 200 
rpm. OD600 and headspace hydrogen were measured periodically (Figure 6.14). After 22 hours of 
incubation, headspace was refilled with the same gas mixture. The headspace was refilled two 
additional times until D. piger stopped consuming hydrogen due to sulfate depletion. Sulfide 
concentration was measured at the end of experiment. Desulfovibrio piger consumed 4.9 mmol 
of H2 and produced 1.3 mmol of sulfide, agreeing with the stoichiometry of sulfate reducing 
reaction. This indicates that H2 consumption by D. piger pure culture may be used for estimation 
of sulfate reducing activity.  
Abundance of dsrA gene in D. piger D%A and R%A 
The growth experiment was repeated with D. piger pure culture (Figure 6.15). Aliquots (1 ml) 
of culture was taken periodically using sterile plastic syringe and stored at -80°C for nucleic acid 
extraction. DNA yields from 1 ml culture were relatively consistent over time, whereas RNA 
yields varied greatly depending on the time of sampling (Figure 6.15B). After reverse 
transcription of RNA, synthesized cDNA was diluted to 10 ng/µl RNA equivalent before qPCR. 
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DNA was not diluted before qPCR since the original concentration of all samples was lower than 
10 ng/µl. Numbers of dsrA gene copies estimated by qPCR are shown in Figure 6.15C and D. 
The dsrA gene abundance in DNA co-varied with D. piger growth estimated by OD600 (Figure 
6.15C). The dsrA abundance in total RNA varied in accordance with the hydrogen consuming 
activity of D. piger (Figure 6.15D). Therefore, dsrA gene abundances in DNA and RNA may be 
used as indicators of D. piger growth and sulfate-reducing activity, respectively.  
Effects of sulfate concentration on the growth of D. piger 
One ml of D. piger pure culture was inoculated in 9 ml anaerobic medium with headspace gas 
of H2 and CO2 and incubated at 37°C with agitation. Growth of D. piger was severely affected at 
lower sulfate concentrations of 2 mM and 0.2 mM (Figure 6.16). Amounts of hydrogen 
consumed by the end of experiment were 307 µmol (20 mM sulfate), 118 µmol (2 mM sulfate), 
and 45 µmol (0.2 mM sulfate).  
Growth and headspace gas analyses of M. smithii, D. piger, and B. thetaiotaomicron 
Pure cultures of M. smithii, D. piger, and B. thetaiotaomicron were grown in anaerobic 
medium with H2/CO2 gas mixture in the headspace and monitored for growth and headspace gas 
composition. The culture medium of D. piger contained 20 mM sulfate. D. piger was also grown 
in Postgate B medium which contains 23 mM sulfate and 31 mM lactate with N2. Growth curve 
of D. piger in Postgate B medium was not recorded because iron sulfide precipitation affected 
OD measurement.  
In M. smithii culture, greater amount of methane was produced as hydrogen was consumed in 
the headspace (Figure 6.17A), however, the rate deviated from the methanogenesis stoichiometry 
of hydrogen:methane = 4:1. Desulfovibrio piger grown in anaerobic medium containing 20 mM 
sulfate consumed all hydrogen in the headspace (Figure 6.17B). Desulfovibrio piger in Postgate 
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B medium consumed only partial hydrogen in the headspace, likely due to its preferred usage of 
lactate as the electron donor for sulfate reduction. Bacteroides thetaiotaomicron grew well in this 
culture condition (Figure 6.17C). 
Experiment 3. Co-culture experiments 
Pure cultures were grown in 10 ml of anaerobic medium (B. thetaiotaomicron), Postgate B 
medium (D. piger), and modified Balch medium (M. smithii) overnight prior to the experiment. 
After the prior incubation, 1 ml of each culture was inoculated in 9 ml fresh anaerobic medium in 
co-culture with another organism (B. thetaiotaomicron + M. smithii, B. thetaiotaomicron + D. 
piger). D. piger co-cultures were grown with or without sulfate (20 mM). Control culture was 
inoculated with B. thetaiotaomicron only. After 17 hours of incubation, aliquots of culture media 
were collected for sulfide analysis and nucleic acid extraction. 
Microbial growth 
All cultures grew well, except the co-culture of B. thetaiotaomicron and M. smithii (Table 
6.3). The antibiotics added in original M. smithii culture in modified Balch medium likely 
affected the growth of B. thetaiotaomicron in co-culture. This co-culture was not used for 
subsequent experiments. 
Sulfide production by D. piger 
Original D. piger culture before inoculation contained 13-55 µmol/ml of sulfide (the variation 
was due to the values that exceeded the range of standard curve). The sulfide concentrations of 
co-culture with B. thetaiotaomicron with and without 20 mM sulfate were 1.6 µmol/ml and 1.2 
µmol/ml, respectively. These values correspond to the 10 times dilution of original D. piger 
culture, indicating the absence of sulfide production in co-culture. The lack of sulfide production 
is also supported by the similar sulfide values in co-cultures with and without sulfate. 
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Abundances of target functional genes 
Amounts of nucleic acids extracted from each culture varied greatly (Table 6.4). Abundances 
of target functional genes per 10 ng nucleic acids and per ml culture are shown in Table 6.5. 
Monocultures of B. thetaiotaomicron and M. smithii amplified with dsrA primers. The 
amplification from B. thetaiotaomicron culture is likely to be non-specific amplification rather 
than the contamination of D. piger, since the melting temperature of these amplicons was 
different from that of dsrA sequence. However, the melting temperature of the amplicon from M. 
smithii monoculture was identical with that of D. piger, indicating potential cross contamination. 
The functional gene DNA copy numbers per ml of B. thetaiotaomicron + D. piger co-culture 
were equivalent to those in the monocultures (Table 6.5), indicating that both microbes grew 
well in co-culture. Expression of dsrA gene was confirmed in both D. piger monoculture grown 
in Postgate B medium and co-culture with B. thetaiotaomicron with 20 mM sulfate (Table 6.5), 
however, no significant sulfide was produced from these cultures (data not shown). The 
incubation time (17 hours) may not have been long enough for D. piger to start producing 
significant amount of sulfide. Although the M. smithii monoculture was actively producing 
methane, mcrA gene expression was not detected (Table 6.5). Quality of cDNA synthesized from 
M. smithii monoculture RNA was confirmed by PCR amplification of Archaea 16S rDNA.  
Overall, these experiments did not provide clear evidence of syntrophy between B. 
thetaiotaomicron and D. piger. 
 
IV. Discussion 
Pig fecal samples used in this study were methanogenic, in agreement with the observation 
that all pigs produce methane in the hindgut (31, 113). Addition of sulfate in pig feces showed 
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little effect on the sulfidogenesis or methanogenesis. Similarly, functional gene expression 
(mcrA, dsrA) did not change by sulfate addition either, although the presence of both 
methanogens and SRB was confirmed by qPCR. One possible explanation for this may be the 
limitation of hydrogen in pig fecal incubation. The culture headspace of these experiments was 
filled with nitrogen gas, and limited amount of hydrogen must have been provided by bacterial 
fermentation during incubation. Although methane was detected during the incubation, the 
amount was relatively low. Sensitivities of gas and sulfide analyses might have not been high 
enough to detect slight changes of hydrogenotrophic activities in these hydrogen-limited 
environments. Alternatively, the limited hydrogen concentration in these experiments may have 
been below the threshold for sulfate reduction. The results from batch incubation of pig feces 
support the latter possibility. After the culture was transferred to batch incubation in tubes filled 
with a gas containing 80% hydrogen, sulfide concentration started to increase within 4-8 hours 
after incubation (Figure 6.12). Methane was not detected in these batch-incubated samples. 
These data may be explained by two possibilities; 1) hydrogen threshold concentration is lower 
for methanogenesis than sulfate reduction, and 2) sulfate reduction can outcompete 
methanogenesis in hydrogen non-limiting environments. Additional experiments will be needed 
to examine these possibilities. 
Influences of hydrogen and sulfate concentrations on sulfate reduction were evident in pure 
culture study. Hydrogen concentration had remarkable influence on the growth of D. piger 
(Figure 6.14, 6.15A). In the pure culture of D. piger, hydrogen consumption was directly related 
to sulfate reduction. The dsrA gene expression of pure culture corresponded with sulfate-
reducing activity as well, indicating that the functional gene expression may serve as indicator of 
in situ sulfate reduction. However, application of functional gene expression data in the complex 
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microbiota needs to be done with caution. In a chemostat culture of D. vulgaris, dsrA transcript 
levels increased as the bulk rates of sulfate reduction increased, but remained stable at different 
sulfate reduction rates under electron donor-limiting conditions (279). This indicates that the 
dsrA transcript levels can only be used as the parameter of sulfate-reducing activity under the 
similar environmental condition. More studies will be needed to investigate the relationship of 
dsrA transcript levels and in situ sulfate reduction in the colonic environment. The DNA and 
RNA yields of actively growing SRB were in accordance with the general observation that 
metabolically active microbial cells have a much higher ratio of rRNA to DNA than dormant 
cells (286). Variation of the dsrA gene abundance per ml culture, but not of the total DNA yield, 
was shown to be a good indicator of relative growth of D. piger. This may be due to the high 
sensitivity of real-time PCR that have allowed the detection of small variation in gene 
abundance.  
Both D. piger and B. thetaiotaomicron grew well in co-culture, however, syntrophic 
relationship between these two microbes was not confirmed in this study. Pure culture of B. 
thetaiotaomicron did not produce detectable hydrogen in the headspace during 24 hours of 
incubation (data not shown), which likely resulted in hydrogen-limiting environment for D. piger 
in the co-culture. Nevertheless, high level of dsrA expression was detected only in co-culture 
with 20 mM sulfate, indicating the effect of sulfate on the dsrA gene expression. Similarly, 
expression of mcrA gene by M. smithii monoculture was not directly related to methanogenesis 
either. The relationship between functional gene expression and metabolic activities, especially 
in a mixed culture environment, needs further investigation. 
Overall, the study provided important observations on the growth, metabolic activities,  and 
functional gene expression of hydrogenotrophic microbes in vitro. Methodologies of gas and 
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sulfide analyses, and functional gene quantification were validated and will be useful in future 
studies. Future experiments should include further investigations on the relationship between 
functional gene expression and microbial metabolism, and the establishment of syntrophic co-
culture of fermentative and hydrogenotrophic microbes. These experiments would contribute to 
the application of functional gene analysis as a reliable parameter of in situ metabolic activities.  
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Table 6.1. Nucleic acid yields by DNA/RNA co-extration method  
(ng/µl)   
Co-extraction of DNA/RNA 
No bead-beating Bead-beating 
DNA stool 
mini kit 
 DNA RNA DNA RNA DNA 
Feces 85.9 80.4 72.7 114.5 72.2 
Fermenter 7.2 6.5 6.2 27.4 5.2 
 
 
Table 6.2. Functional gene analyses of pig feces 
 
(log10 gene copies/10 ng nucleic acid) 
DNA RNA 
mcrA dsrA mcrA dsrA 
 
8h 74h 8h 74h 8h 74h 8h 74h 
Bottle 1 
3.3 3.6 4.7 4.5 ND ND ND ND 
Bottle 2 
3.4 3.7 4.5 4.2 ND ND ND ND 
Bottle 3 (40 mM sulfate) 
3.8 3.9 4.8 4.5 ND ND ND ND 
Bottle 4 (40 mM sulfate) 
3.4 3.7 4.7 4.6 ND ND 2.3 3.7 
mcrA dsrA mcrA dsrA  
12h 45h 12h 45h 12h 45h 12h 45h 
Bottle 1  
→ tube (no sulfate) 
2.7 3.0 3.7 3.9 ND ND ND ND 
Bottle 1  
→ tube (20 mM sulfate) 
2.6 3.1 3.5 3.9 ND ND ND ND 
Bottle 4  
→ tube (no sulfate) 
3.6 3.8 4.7 4.2 ND ND 2.8 ND 
Bottle 4  
→ tube (20 mM sulfate) 
3.6 3.9 5.1 4.8 2.8 2.5 3.5 ND 
 
Upper panel shows qPCR results from pig fecal culture incubated with or without 40 mM sulfate. 
Lower panel shows qPCR results from the same pig fecal culture after transferred to glass tubes 
containing fresh medium with or without 20 mM sulfate
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Table 6.3. OD600 of mono- and co-culture of microbes before and after incubation 
 
 B. theta 
monoculture 
B. theta + M. smithii B. theta + D. piger 
(no sulfate) 
B. theta + D. piger 
(20 mM sulfate) 
0 h 0.037 0.159 0.852 0.824 
16 h 0.653 0.153 1.235 1.245 
 
 
 
Table 6.4. Nucleic acid yields from monoculture and co-culture 
 
DNA RNA RNA/DNA
original monoculture B. thetaiotaomicron 96.9 37.0 0.38
D. piger 4.1 10.8 2.62
M. smithii 8.5 3.0 0.36
17 h co-culture B. thetaiotaomicron  (control) 86.7 85.3 0.98
B. theta  + D. piger  (no sulfate) 75.8 98.5 1.30
B. theta  + D. piger  (20 mM sulfate) 98.8 103.5 1.05
 
 
 
Table 6.5. Functional gene abundances in monoculture and co-culture 
(log copy/10 ng DNA or RNA)
DNA RNA DNA RNA DNA RNA
0 h (inocula) B. thetaiotaomicron 6.4 0.9 1.5 0.8 - -
D. piger - - 7.1 2.2 - -
M. smithii - - 2.4 - 4.6 -
17 h B. thetaiotaomicron 6.3 1.0 1.5 - - -
B. theta  + D. piger 6.4 1.7 5.7 - - -
B. theta  + D. piger  (20 mM sulfate) 6.4 1.6 5.5 4.4 - -
(log copy/ml culture)
DNA RNA DNA RNA DNA RNA
0 h (inocula) B. thetaiotaomicron 8.4 2.5 3.5 2.4 - -
D. piger - - 7.7 3.2 - -
M. smithii - - 3.3 - 5.5 -
17 h B. thetaiotaomicron 8.2 2.9 3.4 - - -
B. theta  + D. piger 8.4 3.7 7.7 - - -
B. theta  + D. piger  (20 mM sulfate) 8.3 3.6 7.4 6.4 - -
α-1,6 mannanase dsrA mcrA
mcrAdsrAα-1,6 mannanase
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B 
 
 
Figure 6.1. Standard curves for methane (A) and hydrogen (B). Standard curves were generated 
by injecting pure H2 and CH4 gases into a gas chromatograph (Series 580 Thermal Conductivity 
Gas Chromatograph, Gow-Mac Instrument Co., Bethlehem, PA).  
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Figure 6.2. Effect of incubation time on color development. One ml of zinc sulfide standard (0-
10 µmol/ml; 1/10- or 1/100-dilutions were made for concentrations higher than 2 µmol/ml) was 
mixed with 80 µl diamine reagent and incubated at room temperature for different time period. 
 
 
 
 
 
 
 
 
Figure 6.3. Color development of undiluted zinc sulfide standards. One ml of zinc sulfide 
standard (0-10 µmol/ml; undiluted) was mixed with 80 µl diamine reagent and incubated at room 
temperature for 20 min. 
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Figure 6.4. Color development of undiluted and diluted zinc sulfide standards. One ml of zinc 
sulfide standard (0-10 µmol/ml; undiluted, 1/10- or 1/100 dilution) was mixed with 80 µl 
diamine reagent and incubated at room temperature for 20 min 
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Figure 6.5. Standard curves used for 1/10-diluted samples containing less than 2 µmol/ml sulfide 
(A) and 1/100-diluted samples containing greater than 1 µmol/ml sulfide (B). 
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Figure 6.6. PCR-DGGE of Bacteria and Archaea 16S V3 rDNA by nucleic acids co-extraction 
methods. Fecal (F) or fermenter culture (C) samples were used for nucleic acid extraction by 
either co-extraction method with bead-beating (B) or control method(K).  L: ladder. 
 
L  F   FB  C   CB  F   FB   C  CB FK CK  L    F   FB   C  CB   F  FB  C  CB FK CK  L 
RNA RNA DNA DNA 
Bacteria Archaea 
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Figure 6.7. qPCR standard curves for mcrA (A), dsrA (B), and α-1-6 mannanase (C) gene 
copies. Standard curves were generated using known number of plasmids containing target 
sequence amplified from pure culture of each microbe 
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Bottle 1      Bottle 2 
 
Bottle 3      Bottle 4 
 
 
Figure 6.8. Production of total (diamond) and methane (square) gas from pig feces incubated in 
serum bottles. Each serum bottle was equipped with a 20-ml syringe to monitor total gas 
production. After 9 hours of incubation, 1.5 ml of 1M sodium sulfate was added to two of the 
bottles (bottles No. 3 and 4; final concentration: 20 mM). After 23 hours, another 1.5 ml of 1M 
sodium sulfate was added to the same bottles (final concentration: 40 mM). Arrows indicate 
addition of sodium sulfate in bottles 3 and 4. 
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Figure 6.9. Sulfide concentration in semi-continuous culture. Pig fecal sample was maintained in 
semi-continuous culture for 5 months prior to the addition of sulfate. 
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Figure 6.13. Real-time PCR quantification of mcrA (white bar) and dsrA (grey bar) genes in 
DNA (A) and RNA (B) templates. Nucleic acids were extracted from batch-incubated semi-
continuous culture of pig fecal sample after 24 hours of incubation with or without sulfate. 
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Figure 6.14. Growth and hydrogen consumption of D. piger pure culture. 
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Figure 6.15.  Biochemical and genetic analysis of D. piger pure culture. A. Growth and 
hydrogen consumption, B. DNA and RNA yields from ml culture, C, D. dsrA gene abundances 
in DNA and RNA compared to D. piger growth (C) and hydrogen consumption (D) 
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Figure 6.15 (cont).   
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Figure 6.16. Effects of sulfate concentration on the growth of D. piger. One ml of D. piger pure 
culture was inoculated in 9 ml anaerobic medium containing different concentration of sulfate 
and incubated with headspace gas of H2 and CO2 at 37°C with agitation. 
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Figure 6.17. Growth and headspace gas analyses of M. smithii (A), D. piger (B), and B. 
thetaiotaomicron (C). Pure cultures of M. smithii, D. piger, and B. thetaiotaomicron were grown 
in anaerobic medium with H2/CO2 gas mixture in the headspace and monitored for growth and 
headspace gas composition.
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Figure 6.17 (cont.) 
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APPE%DIX B: REAL-TIME QUA%TITATIVE PCR DATA 
 
Real-time quantitative PCR data of mcrA, dsrA, and Bacterial 16S rRNA genes (log 10 copy/10 
ng DNA). ND: not detected. 
 
Sample  Species Location Sex Date mcrA dsrA 16S 
MM1 Mangabey Yarkes M N/A 2.04 2.27 - 
MM2 Mangabey Yarkes M N/A 2.18 2.28 - 
MM3 Mangabey Yarkes M N/A 2.43 2.44 - 
MM4 Mangabey Yarkes M N/A 2.35 2.64 - 
MM5 Mangabey Yarkes M N/A 2.41 2.18 - 
MF1 Mangabey Yarkes F N/A 2.45 2.66 - 
MF2 Mangabey Yarkes F N/A 2.00 2.48 - 
MF3 Mangabey Yarkes F N/A 2.26 2.33 - 
MF4 Mangabey Yarkes F N/A 2.21 2.09 - 
MF5 Mangabey Yarkes F N/A 2.14 1.93 - 
BM1 Baboon Yarkes M N/A 2.09 1.03 - 
BM2 Baboon Southwest M N/A 2.11 1.18 - 
BM3 Baboon Southwest M N/A 1.73 3.03 - 
BM4 Baboon Southwest M N/A 2.17 1.45 - 
BM5 Baboon Southwest M N/A 2.60 2.84 - 
BF1 Baboon Southwest F N/A 2.05 2.35 - 
BF2 Baboon Southwest F N/A 2.51 3.06 - 
BF3 Baboon Southwest F N/A 2.28 2.31 - 
BF4 Baboon Southwest F N/A 1.99 1.54 - 
BF5 Baboon Southwest F N/A 1.91 1.64 - 
Gib1 Gibbon Omaha  N/A 3.34 - 6.77 
Gib2 Gibbon Omaha M N/A 2.65 - 6.66 
Gib3 Gibbon Omaha M N/A 3.08 - 6.86 
Ora1 Orangutan Omaha M N/A 2.95 - 7.09 
Ora2 Orangutan Omaha F N/A 3.24 - 6.84 
Gor1 Gorilla Omaha M N/A 3.06 - 6.69 
Gor2 Gorilla Omaha M N/A 2.46 - 6.48 
Gor3 Gorilla Omaha M N/A 2.79 - 6.64 
Gor4 Gorilla Omaha F N/A 3.14 - 6.70 
Gor5 Gorilla Omaha M N/A 3.13 - 6.78 
Gor6 Gorilla Omaha M N/A 2.84 - 6.85 
Gor7-1 Gorilla Omaha M N/A 2.35 - 6.29 
Gor7-2 Gorilla Omaha M N/A 2.69 - 6.80 
Gor8 Gorilla Omaha M N/A 3.22 - 6.97 
C1 Chimpanzee LPZ M N/A 3.44 - 6.36 
C2 Chimpanzee LPZ F N/A 3.92 - 6.58 
C3 Chimpanzee LPZ F N/A 3.47 - 6.58 
C4 Chimpanzee LPZ F N/A 3.24 - 6.74 
C5 Chimpanzee LPZ F N/A 2.62 - 6.39 
C6 Chimpanzee LPZ F N/A 2.74 - 6.31 
C7 Chimpanzee LPZ F N/A 1.96 - 6.76 
G1 Gorilla LPZ M N/A 3.49 - 6.90 
G2 Gorilla LPZ M N/A 3.64 - 6.75 
G3 Gorilla LPZ F N/A 3.29 - 6.77 
G4 Gorilla LPZ F N/A 2.91 - 6.31 
G5 Gorilla LPZ M N/A 3.09 - 6.52 
G6 Gorilla LPZ M N/A 2.97 - 6.67 
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Sample  Species Location Sex Date mcrA dsrA 16S 
G7 Gorilla LPZ F N/A 3.31 - 6.73 
G8 Gorilla LPZ F N/A 3.04 - 6.66 
G9 Gorilla LPZ F N/A 3.28 - 6.58 
G10 Gorilla LPZ F N/A 2.94 - 6.27 
Gib1 Gibbon LPZ M N/A 1.28 - 6.64 
Gib2 Gibbon LPZ M N/A 1.92 - 6.45 
Gib3 Gibbon LPZ F N/A 2.47 - 6.67 
H1 Human Carle Unknown N/A ND - 5.55 
H2 Human Carle Unknown N/A 1.46 - 5.63 
H3 Human Carle Unknown N/A ND - ND 
H4 Human Carle Unknown N/A ND - ND 
H5 Human Carle Unknown N/A 2.07 - 5.70 
H6 Human Carle Unknown N/A 1.38 - 5.99 
H7 Human Carle Unknown N/A 0.33 - 5.50 
5Chan-Pan Howler Motiepa M 5/28/2009 ND 3.15 6.06 
45Chan-Pan Howler Motiepa M 6/16/2009 ND 4.19 5.75 
112Chan-Pan Howler Motiepa M 7/13/2009 ND 4.47 5.66 
7Bichi Bichi Howler Motiepa M 5/29/2009 ND 3.30 5.81 
48Bichi Bichi Howler Motiepa M 6/17/2009 ND 3.05 4.95 
104Bichi Bichi Howler Motiepa M 7/10/2009 ND 4.14 6.10 
1Chan-Kin Howler Motiepa M 5/28/2009 ND 3.64 6.57 
46Chan-Kin Howler Motiepa M 6/16/2009 ND 4.02 5.81 
103Chan-Kin Howler Motiepa M 7/10/2009 ND 3.41 5.33 
3Ozzy Howler Motiepa M 5/28/2009 ND 3.94 6.57 
49Ozzy Howler Motiepa M 6/17/2009 ND 2.87 4.81 
106Ozzy Howler Motiepa M 7/10/2009 ND 3.65 6.66 
9Spock Howler Motiepa M 5/29/2009 ND 3.61 5.98 
51Spock Howler Motiepa M 6/18/2009 ND 3.04 6.01 
107Spock Howler Motiepa M 7/10/2009 ND 3.37 5.40 
10Chan-Bor Howler Motiepa M 5/29/2009 ND 4.04 6.29 
47Chan-Bor Howler Motiepa M 6/16/2009 ND 2.95 5.08 
102Chan-Bor Howler Motiepa M 7/10/2009 ND 3.59 5.54 
6Mota Howler Motiepa F 5/28/2009 ND 3.58 5.34 
44Mota Howler Motiepa F 6/16/2009 ND 3.42 5.97 
105Mota Howler Motiepa F 7/10/2009 ND 3.08 5.33 
8Pichika Howler Motiepa F 5/29/2009 ND 3.77 6.73 
50Pichika Howler Motiepa F 6/18/2009 ND 3.69 6.10 
108Pichika Howler Motiepa F 7/11/2009 ND 3.30 4.97 
11Jorgito Howler Balam F 5/31/2009 ND 2.62 5.56 
99Jorgito Howler Balam F 7/8/2009 ND 4.04 6.71 
12Elmer Howler Balam M 5/31/2009 ND 3.50 6.08 
55Elmer Howler Balam M 6/20/2009 ND 3.41 5.42 
113Elmer Howler Balam M 7/14/2009 ND 2.89 5.03 
13Libertad Howler Balam F 5/31/2009 ND 3.77 ND 
53Libertad Howler Balam F 6/19/2009 ND 3.44 6.09 
110Libertad Howler Balam F 7/13/2009 ND 3.27 5.74 
15Kiki Howler Balam F 5/31/2009 ND 3.32 5.18 
56Kiki Howler Balam F 6/20/2009 ND 3.55 5.54 
57Kiki Howler Balam F 6/21/2009 ND 2.09 5.81 
111Kiki Howler Balam F 7/13/2009 ND 3.71 6.25 
14Tony Howler Balam M 5/31/2009 ND 2.47 5.53 
54Tony Howler Balam M 6/19/2009 ND 3.85 5.64 
114Tony Howler Balam M 7/14/2009 ND 3.37 6.07 
16Comandante Howler Balam M 6/1/2009 ND 2.80 6.07 
52Comandante Howler Balam M 6/19/2009 ND 3.26 6.01 
109Comandante Howler Balam M 7/13/2009 ND 3.23 6.10 
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Sample  Species Location Sex Date mcrA dsrA 16S 
AJ1 Howler AcaJungla F N/A ND 3.79 6.30 
AJ2 Howler AcaJungla M N/A ND 3.76 6.16 
AJ3 Howler AcaJungla M N/A ND 4.09 6.76 
AJ4 Howler AcaJungla M N/A ND 4.41 5.31 
AJ5 Howler AcaJungla M N/A ND ND 6.51 
AJ6 Howler AcaJungla F N/A ND 3.44 7.02 
AJ7 Howler AcaJungla F N/A ND 4.02 5.71 
 
 
